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I. Introduction 

The need in these series for a review on the processes related to blood coagula¬ 
tion only a few years after (Jhargaff (52) published his paper is a sign of the rapid 
development of our knowledge in the field during recent years. Part of this 
work has been carried out in Europe during and after the last war, and has been 
published in journals not readily available to all investigators. Emphasis will 
therefore be laid upon the presentation of such work. It is not the purpose to 
give a comprehensive treatment of the whole field. The reader is referred here to 
the appropriate Annual Reviews and abstracting journals, as well as to a number of 
monographs (9,38,122,162,217,233,239,263,282,300) covering various aspects of 
the field. 

It may be worth while first to look briefly on the development of our 
understanding of the mechanism of blood clotting. Four periods may 
be distinguished as such: 

The first period of experimental work on blood clotting started in 
1856 with the discovery of fibrinogen by Denis. After the investi¬ 
gations of Alexander Schmidt, 0. Hammarsten, Arthus and Pages, 
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Fuld and Spiro, and Morawitz, this period ended in 1904 with the 
formulation of the well-known “classical scheme” of blood coagula¬ 
tion. (In this paper the terms “thromboplastin” and “thrombo- 
plastinogen” are preferred for “thrombokinase” and “prothrom- 
bokinase” in order to distinguish more easily between such terms as 
“prothrombokinase” and “prothrombin”—(c/. Quick, 250).) 

vl) First phase: prothrombin -f thromboplastin -f + +-► thrombin 

(II) Second phase: thrombin -f fibrinogen-> fibrin 

The work carrying;,^o this conception was excellently reviewed by 
Morawitz (209), 

Various problems concerning blood coagulation were not explained 
through the classical scheme. This was the case with the properties 
of the thromboplastin as a water-soluble substance or as a lipide 
(Bordet, Howell, Zak) and the action of inhibitory substances. In 
order to incorporate the last-mentioned substances, especially after 
the discovery of heparin, Howell changed the scheme to a three-phase 
sequence in which an inhibitor is first removed from prothrombin, 
which then undergoes activation solely under the influence of calcium 
ions. The action of chloroform and the dissolution of the fibrin 
formed (fibrinolysis) also made difficulties and influenced especially 
the conceptions of Nolf. In America, Mills resumed an older theory 
according to which the tissue factor (termed by Mills as “tissue fibrin¬ 
ogen”) reacts directly with fibrinogen to form fibrin. In Europe, a 
serious confusion arose by the introduction in an erroneous manner of 
physical chemistry and colloid chemistry into blood clotting. The 
presence of a purely colloidal phenomenon (a sol-gel transformation) 
in the clotting so fascinated most of the observers that they forgot 
that for the reaction mechanism itself the character of the resulting 
end-product is of no importance. This situation is clearly reviewed 
by Wohlisch (319), and in 1935 Howell (144) wrote: “One seeks in 
vain to reconcile these views or to reduce them to a common basis.” 
Thus ended the second period. 

At this juncture some American investigators—Smith, Warner, and 
Brinkhous (286), 1934; Quick (243), 1935; and Eagle (76), 1935— 
published their studies rejecting the ideas of Mills and denying the 
fundamental role of the inhibitory substances of Howell, thus re¬ 
turning to the classical conception. They were soon followed by 
Ferguson (94), while in Europe J. Bordet, J. Mellanby, and Wohlisch, 
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in particular, had kept to the classical conception. In a few years the 
tide turned and the discovery, especially, of vitamin K by Dam, and 
the possibility of explaining its action in terms of the classical concep¬ 
tion, served to furnish the proof that the classical scheme could be 
used with advantages as a basis for further understanding. The 
clearing up of the situation is evident from the review of Wohlisch 
(320) in 1940. 

This third period may be said to have ended in 1943. In this year 
Quick (246) found that prothrombin was not a single substance but a 
complex. In 1944, Owren (232) described a hemorrhagic disease, 
caused by the lack of a previously unknown coagulation factor, termed 
by him “factor 5’^ (see also Section IIG). Since then a large amount 
of work has accumulated showing that the mechanism of blood clot¬ 
ting is far more complicated than expected a few years ago and as ex¬ 
pressed in the classical theory. Further, the antithrombic action has 
been largely elucidated and the mechanism of fibrinolysis cleared up, 
in the main. We are still in a period of rapid development, but it 
seems possible to incorporate all new facts in the classical theory by 
minor alterations and improvements. Of the important workers, 
only Nolf (1938 (221)) still adheres to a different conception, but un¬ 
questionably his experimental material should be reinvestigated and 
reevaluated in the light of the recent development concerning the 
fibrinolytic enzymes in blood and the accelerator factor. 

We are for the present sailing on uncharted streams and we do not 
know where and how far they will carry us before this fourth period 
has ended. But let us keep in sight our landmarks and in looking 
back remember the warning expressed by O. Hammarsten fifty years 
ago (136): 

“Dio Lehre von dor FaserstofTgeriniiung hat loidor schf)n gar zu viele unrichtige 
odor unbewiesene Theorien aufzuweisen, und der Grund hierzu liegt zum grossen 
Toil darin, dass man aus rjchtigen Beobachtungen seine Schlussfolgerungen oft zu 
rasch und ohne geniigende Vorsicht gezogen hat.’^ 

II. Activation of Coagulation 

A. THROMBOPLASTIN 

The activating tissue factor, thrombokinase (or thromboplastin), 
is now known to be a complex between a lipoid substance and a pro¬ 
tein, and this explains many of its properties (e.g.j its solubility in 
aqueous solution, and the presence in alcoholic extracts of an active 
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lipoid substance). The lipide component was originally thought to 
be cephalin, but later experiments showed it to be an alcohol-soluble 
factor—see Chargaff (52) and Widenbauer and Reichel (312). The 
protein moiety has been only slightly investigated (105,202). The 
most thorough investigation of the chemical properties of thrombo¬ 
plastin has been made by Chargaff and need not be mentioned here. 
It should be pointed out, however, that Chargaff uses the term 
thromhoplastic lipide for the thromboplastic agent soluble in lipide 
solvents, while in his terminology thromboplastic protein is the water- 
soluble, active thromboplastic agent, viz,, the substance termed 
thromboplastin (in En^ish and American Literature) or thrombokinase 
(in continental literature). It should not be confused with the sepa¬ 
rated, inactive protein moiety of the thromboplastin complex. 

The relation of the clotting* time to the amount of thromboplastin 
added to a given sample is the most often investigated of the proper¬ 
ties of thromboplastin. Fuld (116) was the first to make such an 
investigation. He used avian plasma and came to the conclusion 
that the so-called ^^Schiitz law^^ was valid. However, it was shown 
by Astrup (5,9) that Fuld and later authors used this rule in an 
erroneous manner. Fischer (108) showed the following formula to be 
valid for the clotting of avian plasma by means of avian thrombo¬ 
plastin: 

(I) 1/t = or 

(II) log < = —a log c — 6 (when b = log k) 

where t is the clotting time, c is the amount of thromboplastin, and fc, 
a, and b are constants for the given system. Similar relations had 
already been found to exist for the clotting of citrated and oxalated 
mammalian plasma with thrombin by Barratt (26) and Kugelmass 
(171). Mills (202) had found the same equation for the clotting of 
recalcified, oxalated plasma by means of the tissue factor. It was 
used by Astrup and Darling (13) for investigations on lung thrombo¬ 
plastin and by Astrup (9) for brain thromboplastin. Jaques (152) 
and Astrup (9) used it for the clotting of fibrinogen by thrombin. 

This equation has a wide range of validity not only in blood clotting 
but for many biological phenomena. It must be remembered that 
it is an empirical equation, which does not indicate any mechanism of 
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reaction, and it can be used only as a convenient tool for describing 
experimental results. 

The validity of the formula for the processes of blood coagulation 
has been treated thoroughly by Legler (179). He could show that 
the relation between prothrombin time and prothrombin concentra¬ 
tion followed this equation. The action of ninhydrill on fibrinogen 
described by Chargaff and Ziff (59) follows this equation. He points 
out the possibility of standardizing thrombin with ninhydrin as a 
reference standard, but this will be possible only if it can be shown 
that the slopes of the double logarithmic curves (expressed in the con¬ 
stant a) are the same in both cases. Otherwise the actions are 
qualitatively different and cannot be compared. 

The constant a in the equation (e.g.y the slope of the curve) is 
characteristic of the reacting system and independent of the units of 
time and concentration. The equ.at ion is very suitable for comparing 
the potencies of different samples of thromboplastin, and has been 
used for following the stability of lung thromboplastin (13) and brain 
thromboplastin (9,233). In a number of papers Bertrand and Quivy 
(31) have used the double logarithmic formula for investigating co¬ 
agulation under different conditions. After addition of heparin, the 
slope is increased (Fischer, 108). Feissly (92) used the equation for 
the estimation of plasma thromboplastin. It seems that this equa¬ 
tion is very convenient for comparative investigations in blood coag¬ 
ulation. 

Interest continues to center around the nature and properties of 
thromboplastin, partly because its action in blood coagulation is still 
not completely understood, and partly because a potent and stable 
thromboplastin is necessary for clinical prothrombin determinations. 
The question has been treated by Chargaff (52) and only a few points 
will be added. 

Kazal et al. (165) described horse brain as a convenient source of 
thromboplastin, although it was not as active as the rabbit thrombo¬ 
plastin generally used. Watery suspensions were very unstable but 
could be stabilized by adding various antiseptics, while antioxidants 
were less active, thus indicating bacterial destruction of the suspen¬ 
sion rather than oxidative processes (166). On the other hand, desic¬ 
cated brain thromboplastin was kept most stable by adding anti¬ 
oxidants (167). A very stable thromboplastic extract can be obtained 
from placenta. Reichel (261) found this thromboplastin to be highly 
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potent and to be very heat-stable in aqueous suspension. It was 
found to be more heat-stable than the thromboplastic solution pre¬ 
pared from the thyroid, which was known to be rather heat-stable. 

According to Wohlisch (320), the heat stability of struma (goiter) 
extracts was first shown by Schlossmann (270). Such an extract has 
especially been used by Lenggenhager (181). Similar results with 
placenta extracts were obtained by Zondek and Finkelstein (104) and 
by Owren (233, p. 115). It may be added that the toxic principle 
present in placenta was found by Schneider (271) to be a placental 
thromboplastin. A^jicording to Studer (290), a potent soluble throm¬ 
boplastin may be prepared by the interaction of an ether-alcohol 
extract of lung tissue with trypsin, which takes the place of the natural 
protein moiety of the thromboplastin molecule. In an interesting 
paper, the late William H. Howell (145) described the preparation of a 
heat-stable thromboplastin from pig lung and human lung. This is 
important because lung thromboplastin was found very labile by 
previous workers (c/. 13). Howell used several new features in his 
method (precipitation by means of trichloroacetic acid, treatment 
with calcium malonate solution) and, although unquestionably he 
recovered only a very small fraction of the total original activity as a 
stable product, his method needs consideration in future work on the 
preparation of thromboplastin. It is known that the action of throm¬ 
boplastin is rather species-specific in that, e.g., avian thromboplastin 
shows very little or no action on the clotting of mammalian plasma. 
The preparation of chick muscle thromboplastin was described by 
Fischer (106), who made a comparison between the potencies of 
various chick organs and found that lung tissue gave the most active 
extract (109). In experiments on chick plasma the chick embryo 
extract (8 days) used in tissue culture can be employed in very high 
dilution (c/. Astrup, 5). 

Thromboplastic activity is also found in body secretions such as 
human milk and saliva, where it may be decreased in hemophilia 
(L^tard, 184). It has been reported as present in urine by Tocantins 
and Lindquist (297). The excretion in the urine of thromboplastin 
was described by Mills et al. (203). It is well known that in snake 
venoms substances acting as thromboplastin or thrombin are present, 
but these questions will not be dealt with here. A thromboplastic 
material is also found in yeast (Dyckerhoff, et al. (75)). Chargaff 
has contributed a series of papers on his thromboplastin investigations. 
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After removal of solid material from ox lung extract, by means of low- 
speed centrifugation, he was able to sediment the thromboplastic 
material with high-speed centrifugation (53). Human lung and 
placenta gave similar results (54). Schneider (271) sedimented 
thromboplastin from the following organs with high-speed centrifuga¬ 
tion: rabbit uterus, human placenta, rabbit lung, rabbit brain, rabbit 
kidney, rabbit liver, and rabbit muscle. In the same manner the 
thromboplastic material in chick embryo juice can be sedimented 
(Fischer, 112). It is well known that the thromboplastic activity in 
most extracts is connected with particulate matters and may sepa¬ 
rate even at low-speed centrifugation. Quick (245) has investigated 
this problem. 

Chargaff and West (58) further confirmed an observation by Mac- 
farlane et al. (191) on the decreased coagulability of high-speed 
centrifuged plasma. They found that a thromboplastic agent sepa¬ 
rated from oxalated plasma, and that the amount of this substance 
was decreased in hemophilia. This observation gains in importance 
in view of the growing evidence of the presence of a precursor of 
thromboplastin (thromboplastinogen, prothrombokinase) in undis¬ 
turbed plasma, which can be converted into an active plasma throm- 
bokinase (equation III): 

(III) plasma prothrombokinase- > plasma thrombokinase 

The significance of this concept lies in the possibility of explaining 
the so-called autocatalytic process in blood clotting by means of an 
autocatalytic formation of the plasma thrombokinase (equation IV): 

thrombokinase, Ca + 

(IV) prothrombokinase- > thrombokinase 

thromboplastin, Ca + ‘*’ 

or thromboplastinogen-> thromboplastin 

B. PLASMA THROMBOPLASTIN AND AUTOCATALYSIS 

An accelerated formation of thrombin during the clotting process 
was first noticed by Arthus (3) and soon confirmed by Bordet and 
Gengou (42). The latter also showed that the process could be re¬ 
peated in fresh plasma by transferring a small amount of the mixture 
undergoing clotting to the fresh plasma sample. This was confirmed 
by Gratia (129), and later Fischer (110) rediscovered the phenomenon. 
He used chick plasma and showed that the reaction could be trans¬ 
ferred to fresh plasma as many times as technical difficulties would 
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permit, and that the amount of thrombokinase added originally 
would soon be so diluted during these repeated passages as to be of no 
importance for the clotting. At first it was thought that the auto- 
catalytic formation of thrombin from prothrombin was responsible for 
this process, resembling the known autocatalytic formation of pepsin 
and trypsin from their respective precursors (115,130). An investi¬ 
gation by Astrup (6) of the processes concerned in coagulation, how¬ 
ever, showed beyond doubt that neither the conversion of fibrinogen 
into fibrin nor the conversion of prothrombin into thrombin as such is 
an autocatalytic r^^^tion. Fischer and Astrup both worked with 
chick plasma. Avian plasma is especially suited for these investiga¬ 
tions because no addition of anticoagulants is needed to keep the 
plasma fluid. In this manner the delicate system present in plasma 
and blood is left undisturbed. In the paper mentioned (6) it was 
pointed out that the formation of increasing amounts of thrombin in a 
mixture undergoing coagulation is in itself no proof of an autocat¬ 
alytic process, but that the indefinite transferring of samples to new 
fresh media is the only final proof of such a reaction. 

In a later study, Astrup (9, p. 43) showed that the substance formed 
autocatalytically in fresh plasma is not thrombin, as it will not clot 
oxalated plasma. It was concluded that it is not an active substance 
(thrombin) which is the cause of the autocatalytic reaction, but that 
an activating substance that can convert prothrombin into thrombin, 
is present in fresh plasma as a precursor, and may be transformed 
autocatalytically into the activating substance. It is pointed out 
that the autocatalytic reaction occurs before the conversion of pro¬ 
thrombin into thrombin and the action of thrombin on fibrinogen, 
and it is suggested that the transformation of a prothrombokinase 
present in plasma to an activating plasma thrombokinase may be the 
cause of this reaction (equation IV). 

Thus blood plasma evidently contains in itself all the substances 
necessary for blood clotting—even the thromboplastic agent. This 
has especially been emphasized by Nolf (219), who was one of the 
first to see the incompleteness of the classical theory of blood clotting 
in explaining all accumulated experimental facts. He shares the 
opinion of Bordet and Gengou about the autocatalytic reaction. 
Also, Wohlisch (320) considered in his excellent review the possible 
role of an autocatalytic reaction during blood clotting. 

The accumulating evidence for an autocatalytic reaction has 
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gained in importance, since it seems probable that the solution to the 
riddle of hemophilia lies in this reaction. The elucidation of the 
problem, however, has been complicated by the discovery of the new 
factor accelerating the formation of prothrombin (factor 5, acceler¬ 
ator factor, labile factor). While this factor will be treated under 
prothrombin we will try here to collect the material pointing to the 
presence of a prothrombokinase or thromboplastinogen, keeping 
in mind that all these investigations must be reconsidered in the light 
of the new accelerator factor. 

Bordet and Delange (39) in 1921 investigated the formation of 
thrombin, and showed that dilution and CO 2 treatment of plasma pro¬ 
duced a precipitate which was able to activate prothrombin in serum 
to thrombin. They explained in this manner what Bordet had previ¬ 
ously termed Vexcito-produdion of thrombin. They suggested that 
the plasma (“salt-plasma,” where tho clotting is prevented by adding 
an excess of sodium chloride, 5%) contained a thromboplastic agent 
extracted from the platelets. It is possible to make similar experi¬ 
ments when using oxalated plasma, providing centrifugation has not 
been too rapid. This is a very interesting observation in view of the 
centrifuging experiments of Chargaff previously mentioned (58). 
Mellanby (198) and Dale and Walpole (68), using chick plasma, came 
to the conclusion that an inactive form of thrombokinase was present 
in plasma and serum. Mellanby liberated this substance by means 
of alkali, while Dale and Walpole suggested that trypsin and chloro¬ 
form acted through an activation of this substance. 

According to Lenggenhager (182,183), prothrombokinase (in his 
terminology, “prothrombokinin”) can be separated from human 
citrated plasma by dilution and acidification. He completely re¬ 
moved the platelets by centrifugation before precipitation, but his 
precipitate is an active substance resembling the platelet-containing 
substances of Bordet and Delange, The precipitation from citrate 
plasma or serum of an active globulin of thromboplastic nature was 
confirmed by Widenbauer and Reichel (313). Increased CO 2 pres¬ 
sure inhibits the action of this plasma thrombokinase (Widenbauer, 
311) and also that of thrombokinase from tissues. When human 
citrated or oxalated plasma is diluted 1:1 with distilled water, and 
CO 2 is bubbled through, the clotting time after recalcification pro¬ 
gressively decreases as the treatment is prolonged. The clotting 
time may be as low as 19 seconds after treatment for about 30 min- 
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utes, but it then slowly rises again. This experiment indicates that 
the prothrombokinase present in the citrated plasma is converted into 
thrombokinase without the interaction of calcium. This is an im¬ 
portant observation which needs confirmation (Reichel, 262). It 
should be pointed out that the successful separation of thromboplastic 
substances from plasma or serum seems to depend on the degree of 
dilution, because increasing the dilution will cause precipitation of the 
prothrombin also (the method of Mellanby). After redissolving such 
a precipitate and after the addition of Ca'*"^ a potent solution of 
thrombin may be Cbtained (76,182); and in this manner the clotting 
globulin prepared by Parfentjev (237) from rabbit plasma is evidently 
changed into thrombin (35). This applies to mammalian plasma. 
However a similar precipitate from chick plasma (6,198) is very stable 
even in the presence of calcium ions, indicating that the prothrombo¬ 
kinase present in avian plasma is not activated under these condi¬ 
tions. It may be mentioned here that avian plasma does not contain 
platelets. 

Feissly (90) also adheres to the theory of the presence of an inactive 
thrombokinase in plasma, and his experiments indicate that this sub¬ 
stance is decreased in hemophilia, although an inhibitor may also be 
involved. Laki (174) isolated a substance from plasma (plasmakinin) 
which could be converted into an active thrombokinase. He found 
that the autocatalytic reaction was decreased in hemophilic blood and 
could be restored by addition of ‘‘plasmakinin.” He assumes his 
substance to be identical with Lenggenhager’s and Widenbauer and 
ReicheFs prothrombokinase. This is an interesting observation, as 
the new accelerator factor (factor 5) is known to be present in hemo¬ 
philic plasma (see later). These results point definitely to the pres¬ 
ence of a latent thrombokinase as well as an accelerating factor in 
normal blood plasma. 

In 1935, Quick, Stanley-Brown, and Bancroft (254) had shown, 
using the one-stage method for prothrombin determination, that the 
amount of prothrombin is normal in hemophilic plasma, thus giving 
evidence that a deficiency of thromboplastin occurred. Evidence of 
this in certain hemorrhagic diseases was also found by Carpenter and 
Allen (49). It was emphasized by Brinkhous (45) that the defect of 
hemophilic plasma lies in the factors concerned in the formation of 
thrombin. Using the two-stage technique he found that prothrombin 
is very slowly converted into thrombin in hemophilia, but it reacted 
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promptly on the addition of a thromboplastic agent. This idea of a 
decreased prothrombin conversion rate in hemophilia was further de¬ 
veloped by Quick (250), who found that, after spontaneous clotting 
of hemophilic blood, the serum contains almost the total amount of 
prothrombin, while normal blood serum contains only 15-20%. He 
has proposed a method for measuring the consumption of prothrombin 
as a test for hemophilia. The basis of this interesting and—appar¬ 
ently—reliable test is that the prothrombin time measured with the 
one-stage method is normal, thus excluding a deficiency in prothrom¬ 
bin and in factor 5 (Owren). Quick’s results imply beyond doubt 
that a plasma thromboplastin as well as the new factor (factor 5, 
accelerator factor, labile factor) participates in the clotting of normal 
plasma. 

The extreme importance of this question is accentuated by the in¬ 
vestigations of Milstone (205) in whicli he makes a three-stage analy¬ 
sis of blood coagulation. The first step is a transformation of the 
prothrombokinase present in plasma into tnrombokinase in the pres¬ 
ence of Ca’^'^^. In this connection it must be remembered that 
Reichel (262) was able to produce an active thromboplastic agent by 
simple dilution and acidification of citrated oxalated plasma, indicat¬ 
ing that the conversion of prothrombokinase into thrombokinase may 
occur without the interaction of calcium ions. Milstone, however, is 
of the opinion that his ^^prothrombokinase” is identical with the 
new accelerator factor (labile factor, factor 5). His methods of pre¬ 
paring this compound and of removing it from the solutions of pro¬ 
thrombin (by standing for some days in the refrigerator in the pres¬ 
ence of oxalate) indicate that the substance in question is the accel¬ 
erator factor and not a thromboplastinogen. The substance seems to 
accelerate the formation of itself and may be formed by an auto- 
catalytic reaction. Milstone’s results will be discussed further in a 
following section, but it may be remarked at this point that his 
^Thrombokinase” appears not to be identical with the substance which 
is generally given this name or termed thromboplastin. 

Quick (250) further suggests that the platelets under the influence 
of thrombin release an agent acting on the thromboplastinogen and 
converting it into thromboplastin according to equation (V): 

(V) thromboplastinogen -f- platelet emsyme-► thromboplastin 

In the sequence of blood clotting, the autocatalytic behavior could 
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therefore be explained through a series of reactions in which the end- 
product, thrombin, acts on the platelets and thus induces new starting 
reactions. This proposal appears rather complicated and ignores the 
recorded experiments on the autocatalytic clotting of platelet-free 
chick plasma. 

In a later investigation on plasma thromboplastinogen. Quick and 
Stefanini (256) presented evidence for a factor which inhibits the 
activation of thromboplastinogen. Tocantins (296) described an 
antithromboplastic agent which is increased in hemophilic blood. 
Also, Lozner, Joffiffe, and Taylor (188) describe the presence of an 
anticoagulant which is not heparin. Schneider (271) finds an in¬ 
hibitor of his placental thromboplastic in serum—see Fulton and 
Page (118). On the other hand, it may be recalled that Mellanby 
(198) found no antikinase in chick plasma and that Lenggenhager 
(182) and Reichel (261) were able to keep thromboplastin in oxalate or 
citrate plasma for 24 hours without deterioration. Calcium ions 
were found by Erickson and Ferguson (82) to produce a thrombo¬ 
plastic solution from washed platelets from citrate plasma. Concern¬ 
ing the thromboplastic activity of proteases, Ferguson (98,101), advo¬ 
cates that a proteolytic enzyme in plasma activates prothrombin in a 
manner similar to trypsin, and that it plays a role in the normal proc¬ 
ess of blood clotting. His arguments lose some of their strength after 
it has been shown that trypsin and the proteolytic plasma enzyme 
(fibrinolysin, plasmin) represent quite different types of enzymes; but 
his observation (98) that calcium ions greatly accelerate the clotting 
action of trypsin, although crystalline trypsin is able to clot citrated 
plasma, is of considerable interest and may be compared with the 
effect of calcium on the autocatalytic conversion of trypsinogen into 
trypsin (189). 

In a comprehensive paper Fredericq (114) has studied the clotting 
of plasma in the absence of calcium by means of bacterial metabolic 
enzymes and found that some of these (especially from staphylococci) 
act directly on fibrinogen, while others (especially from Bact. pyo- 
cyaneus) activated prothrombin into thrombin without the partici¬ 
pation of calcium ions. Some of the products investigated produce 
fibrinolysis. He compared the action of these bacterial enzymes with 
the action of trypsin, papain, certain snake venoms, and chloroform. 
The first action of chloroform is to destroy the serum antithrombin. 
This reaction releases thrombin and explains the coagulation of oxa- 
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lated plasma. Second, the prothrombin in the presence of Ca'^'^ is 
converted into thrombin, thus yielding a stable solution of thrombin. 
Concerning this reaction Fredericq advocates a view similar to 
Ferguson’s, viz.^ that the proteolytic enzyme released by chloroform in 
plasma (plasma tryptase) is the physiological activator of the pre¬ 
cursor of thrombin (prothrombin = serozyme*). He assumes his 
plasma tr^’ptase to be identical with the '^thrombozyme” of Nolf. 
On the other hand, the precursor of prothrombin (proserozyme*) is 
converted into prothrombin (serozyme) by means of chloroform even 
in the absence of calcium, a result reminiscent of the activating 
experiments of Reichel (262) mentioned above. It may be added 
that the relation between Bordet’s ^^proserozyme” and a plasmatic 
thromboplastinogen or the precursor of the accelerator factor (factor 
5) has not been settled. 

Nolf has presented his views (221) and in a number of papers has 
especially studied the coagulant action of chloroform (220). In re¬ 
gard to hemophilic blood (224) he arrives at the conclusion that one 
of the factors essential to the activation of prothrombin is lacking. 
He discusses especially the properties of thrombokinase as a physi¬ 
ological or chemical entity (222). An evaluation of his results in the 
light of modern conceptions and in terms of generally accepted the¬ 
ories is difficult, and a careful reconsideration of his experimental de¬ 
tails is needed. His very broad investigations during more than forty 
years contain observations (especially on questions of more physi¬ 
ological nature) which can be used as an inspiring source for further 
developments. 


C. THE ROLE OF CALCIUM 

The role of calcium in blood clotting was comprehensively re¬ 
viewed by Ferguson (95). Nordbo (227) made a comprehensive study 
of the activity coefficients of calcium and oxalate ions in plasma and 
of the importance of the concentration of the calcium ions for the 
clotting of blood. He finds that a certain minimal concentration of 
calcium ions is necessary in order to induce clotting, but that, because 
of the decrease in the activity coefficients, this minimal concentration 
depends upon the presence of other components in plasma. The 
minimum amount in plasma containing strong electrolytes in a con¬ 
centration of 0.16 mole/kg. H 2 O in plasma is between 0.15-0.18 


See also Section IIG. 
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millimole Ca+V^g- H 2 O, but this amount corresponds to a calcium 
ion activity of only 0.04-0.05 millimole/kg. H 2 O. The slow precipita¬ 
tion of calcium oxalate in plasma explains why an excess of oxalate is 
necessary to prevent clotting under normal conditions. Neutral salts 
act by decreasing the activity coefficient of the calcium ions. Nordbo 
draws attention to an important point—that the dependence of co¬ 
agulation on a minimal concentration (activity) of calcium ions does 
not exclude the possibility that calcium participates in the clotting 
process in nonionized form combined with a protein, because the 
amount of this Q^jmpound will be very small, and the bound calcium 
will be in equilibrium with the ionized calcium. Lebel, Sch0nheyder, 
and Muus (178) made a similar confirmative investigation on the 
action of citrate; see also Ransmeier and McLean (259). The bind¬ 
ing of Ca^”^ to proteins has been reviewed by Greenberg (131) and the 
binding especially to plasma proteins has been treated by Chanutin, 
Ludewig, and Masket (51) and Klotz (170). 

Experiments by Ferguson (96) suggest that an intermediate com¬ 
pound containing calcium is formed during the conversion of pro¬ 
thrombin into thrombin, and that this compound is slowly converted 
into ‘‘ripe’^ thrombin which contains no calcium. In a series of papers 
Quick and Stefanini (244,251,255) have studied the calcium question. 
They arrive at the conclusion that a calcium compound containing 
nonionized calcium is essential to coagulation. They also explain the 
slow precipitation of calcium upon addition of oxalate as a slow re¬ 
moval of calcium from this compound and not as a retarded precip¬ 
itation of calcium oxalate, as did Nordbo. This explanation appears 
more natural than the assumption of a supersaturated calcium oxalate 
solution. On the other hand, the concepts of Nordbo about an 
equilibrium between the ionized calcium and calcium bound in an 
active complex with proteins are still valid and there need not be a 
discrepancy between his (and others) results and those of Quick, for 
even if the component functioning in coagulation contains calcium in 
combined form this will continue to be in equilibrium (because of dis¬ 
sociation) with a certain concentration of free calcium ions. The 
amount of the active component present during clotting would prob¬ 
ably be so small that an analytical determination of its amount in 
terms of calcium content is impossible, and the amount of nonionized 
calcium found normally in plasma is evidently due to entirely differ¬ 
ent compounds which play no role in blood clotting. 
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Quick and Stefanini (255) found that citrate differs in its action 
from oxalate. It seems that the main function of citrate is to depress 
the activity of prothrombin rather than to remove calcium from an 
active complex. Thus prothrombin, which is easily absorbed on 
tricalcium phosphate from oxalated plasma, is not absorbed when 
citrated plasma is similarly treated. This is a very important ob¬ 
servation, which needs immediate confirmation, since discrepancies 
between the results of previous authors might be due to differences in 
experimental conditions. Quick and Stefanini especially pointed out 
that the investigations of Lenggenhager and Milstone were carried out 
with citrated plasma. Also, the activating experiments of Reichel 
(262) mentioned several times might bo reconsidered in the light of 
these observations. In their investigations, Quick and Stefanini used 
two new techniques recently introduced; a decalcification by means 
of Amberlite, and the use of silicone-treated glassware. 

D. NEW TECHNIQUES 

Ion-exchanging resins as decalcifying agents were introduced by 
Steinberg (289). He used the resin Amberlite IR-100 (commonly 
used for preparing deionized water). The method was further de¬ 
veloped by Quick (251) and Stefanini (288) and appears to be a very 
convenient tool for work on blood problems when a purified resin is 
used. Stefanini removes calcium from the thromboplastin to be used 
in these experiments by trituration of the brain tissue with sodium 
oxalate before acetone dehydration. In recent years, the most com¬ 
monly used decalcifying anticoagulant for commercial use in Europe 
has been mixtures of pyrophosphates, but metaphosphates or poly¬ 
metaphosphates may also be used (120). Metaphosphate was men¬ 
tioned by Morawitz (209), and Larson (176) has described the use of 
sodium hexametaphosphate. These substances appear to yield 
easily a yellow plasma without any red tinge. 

The silicone technique was introduced by Jaques, Fidlar, Feldsted, 
and Macdonald (157) in an effort to replace the paraffin coating of glass 
tubes previously used for retarding the spontaneous clotting of blood. 
They found that some commercial resins, the silicones, derived from 
organic silicon compounds, and having water-repellent properties, de¬ 
layed the clotting of blood. They covered all glassware with a sili¬ 
cone film by treatment with a liquid methylchlorosilane (General 
Electric Dri-Film No. 9987) followed by a thorough rinsing in water. 
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The silicone-coated tubes were considerably more effective in delaying 
the spontaneous blood coagulation than paraffin-coated tubes. With 
this method it is possible to obtain a fairly stable mammalian plasma 
without the addition of or treatment with anticoagulants. The 
platelets agglutinate and disintegrate very slowly in blood kept in 
silicone-treated beakers. Jaques and his co-workers found that 
plasma obtained with the silicone technique clotted in normal glass 
tubes in accordance with its content of platelets. However, no such 
correlation was found when coagulation took place in silicone-coated 
tubes. They sugg«>st that plasma may contain a soluble thrombo- 
plastic agent. 

Patton, Ware, and Seegers (238) confirmed these results on delayed 
clotting. They attempted to remove the platelets and any soluble 
thromboplastic agent by high-speed centrifugation (23,000 r.p.m.) by 
which they hoped (see experiments of Chargaff) to prevent coag¬ 
ulation. They did not always succeed in obtaining a spontaneously 
incoagulable plasma and concluded that their experiments did not 
support the theory proposing a soluble factor in plasma which can 
initiate clotting independent of platelet action. In view of their 
rather restricted experiments, this conclusion seems premature. A 
combination of the silicone technique and high-speed centrifugation 
should be able to solve the question of a soluble thromboplastinogen 
present in plasma and its possible autocatalytic conversion into active 
thromboplastin. 

An investigation aimed at the clarification of this question was 
made by Brinkhous (46). He also used the silicone technique and 
confirmed the results of the Canadian investigations. Brinkhous re¬ 
sumed his experiments on the delayed conversion of prothrombin into 
thrombin in hemophilic blood (45). He prepared citrated normal 
plasma and obtained, after prolonged centrifugation, samples which 
did not clot after recalcification in ordinary glassware at 28 °C. The 
prothrombin conversion rates of these samples were delayed in 
accordance with the increased clotting times. Addition of suspen¬ 
sions of normal platelets decreased the clotting times to normal values 
of 6 to 9 minutes. Clotting times in hemophilic blood were also 
brought to normal values when the samples of normal plasma were 
added, but the effect on hemophilic platelet-free plasma decreased 
with prolonged centrifugation of the added normal samples. Plate¬ 
let-rich hemophilic plasma behaved as whole hemophilic blood. The 
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platelet suspensions alone, however, did not correct the clotting defect 
of platelet-free hemophilic plasma. Brinkhous draws the conclusion 
that clotting of normal plasma depends upon the presence of formed 
elements (platelets) together with an unknown factor present in dis¬ 
solved state in normal plasma but absent from hemophilic plasma. 
He assumes that this factor acts on the platelets, liberating thrombo¬ 
plastin, and he explains in this manner the beneficial effects of blood 
or plasma transfusions in hemophiliacs. He supposes that the 
thromboplastic protein present in plasma (Chargaff) was not removed 
in his centrifugation experiments. Brinkhous^s experiments evi¬ 
dently have yielded very clear-cut results, and comprise an important 
contribution. It does not seem necessary to assume that the un¬ 
known plasma factor is a platelet-destroying substance. Assuming 
that the platelets acted on a plasma thromboplastinogen and con¬ 
verted it into thromboplastin would yield an equally acceptable ex¬ 
planation and would bring the results of Brinkhous into line with and 
extend those of other investigators (c/. 205a\ 

Should one dare tentatively to formulate a scheme for the reactions 
leading to the formation of thrombin in plasma, perhaps the following 
sequence would be the most probable: 


(i) Plasma thromboplastinogen 


Ca + + (?) 


platelets, 

tissue thromboplastin 

plasma thromboplastin (autocatalytic) 


plasma thromboplastin. 


Ca'*''*^; accelerator factor 

{ 2 ) Prothrombin- > thrombin 

plasma thromboplastin 
tissue thromboplastin 


The recent availability of strains of hemophilic pigs and dogs as 
experimental animals in conjunction with the new techniques using 
silicone and high-speed centrifugation will serve as a basis for new ex¬ 
periments designed to explain the mechanism of the activating process 
in blood clotting and the defect in hemophilia (126a). 


E. DETERMINATION OF PROTHROMBIN 

An overwhelming amount of new observations have accumulated 
during the most recent years concerning prothrombin and its conver¬ 
sion into thrombin as a result of the widespread use of blood trans¬ 
fusions and dicoumarol medication. Deviations from what was 
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expected were observed on several occasions. This led to the for¬ 
mulation by Quick (246) of prothrombin in its classical sense as being 
composed of two components, and to the discovery by Owren (232) of a 
clinical condition in which a new factor essential to the conversion of 
prothrombin into thrombin by means of thromboplastin was absent 
from the blood. 

Fundamental for the investigation of prothrombin is the deter¬ 
mination of prothrombin concentrations. The one-stage method of 
Quick and the two-stage method of H. P. Smith and collaborators are 
the two procedure|^commonly employed. The first method is the 
most convenient and is therefore most widely used for clinical pur¬ 
poses. The second method is a theoretically more sound method and 
is used whenever more complete information is needed. It is felt 
that the scope of this paper does not include a thorough treatment of 
recent discussions on the determination of prothrombin. 

For this the reader is referred to the Transactions of the First Josiah Macy, Jr., 
Foundation Conference on Blood Clotting and Allied l^roblems (38), which give a 
lively picture of the subject together with a number of instructions for the de¬ 
terminations as carri(Hl out at some of the more important institutions. Only a 
few points of especial interest to the enzymological side of the question will be 
mentioned. 

The drawback of the one-stage method lies in the fact that coagula¬ 
tion is measured in a mixture which contains simultaneously pro¬ 
thrombin undergoing conversion into thrombin and fibrinogen being 
transformed into fibrin under the influence of the thrombin formed. 
At the time of clotting only a fraction of the prothrombin will appear 
as converted into thrombin, and the clotting time is therefore only in¬ 
directly an expression of the concentration of prothrombin in the 
mixture. If the velocity with which prothrombin is converted into 
thrombin is influenced by variable factors other than the concentra¬ 
tion of prothrombin, erroneous results will be obtained if the clotting 
data are recorded as prothrombin concentrations. The sensitivity of 
the method can be increased by dilution, thereby increasing the clot¬ 
ting times and consequently the reaction time. Such a derived 
method was used by Link and his collaborators in their isolation of 
dicoumarol (48) (they mention here the straight lines obtained in 
double logarithmic graphs). The sensitivity can be increased still 
further when fibrinogen or prothrombin-free plasma is added to keep 
the amount of fibrinogen constant; using such a procedure, Thordar- 
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son (294) observed the hyperprothrombinemia occurring during 
pregnancy. The influence of the fibrinogen levels on this modified 
method has been studied especially by Deutsch and Gerarde (73). 
As mentioned in the preceding section, the relation between ‘^pro¬ 
thrombin time^' and the concentration on prothrombin appears as a 
hyperbolic curve yielding a straight line on the double logarithmic 
graph, and this relation was thoroughly treated by Legler (179). 
Rapoport (260), evidently unaware of Legler^s paper as well as the 
results of several other investigators, presents a modified Quick 
formula for the relation between “prothrombin time^’ and prothrom¬ 
bin concentration. 

In the two-stage method the prothrombin is completely converted 
into thrombin before its determination; this method is therefore 
essentially a method for the determination of thrombin. The rela¬ 
tion between clotting time and the concentration of thrombin may 
yield direct reciprocity, but very often, especially when working with 
plasma as a source of fibrinogen, deviations are encountered. The 
results adhere, however, completely to the double logarithmic rela¬ 
tionship mentioned—see the papers of Jaques (152), Legler (179), 
and Astrup (9). The sensitivity of the two-stage method may also be 
increased by dilution. In this manner the influence of antithrombin 
is greatly retarded—Herbert (137), Rieben (263). 

Complications might be encountered when adding fibrinogen-con¬ 
taining reagents. This applies especially to the one-stage modifica¬ 
tions in which foreign prothrombin-free plasma is used as a fibrinogen- 
containing diluent. Such plasma contains the accelerator factor (fac¬ 
tor 5). The addition of such solutions may therefore produce normal 
clotting times in the one-stage method, even in cases in which this 
factor is lacking. The use of this modification in clinical routine 
work is therefore not recommended. 

Thromboplastic snake venom has been recommended by some au¬ 
thors as a substitute for the more or less insoluble mammalian throm¬ 
boplastic agents commonly used (117,235). Results obtained by 
means of this agent should, however, be regarded with caution, and 
cannot be compared directly with results obtained by generally 
accepted methods, as it has been found that a considerable difference 
exists in the mode of action of the two classes of substances. Thus 
lecithin plays an important role in the action of the snake venoms 
(33,77,177,191,247) and it has been noted (317) that, after the inges- 
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tion of dicoumarol, considerably higher prothrombin concentrations 
are observed in the blood when venom is used as a thromboplastic 
agent (34,89,318). 

A review on vitamin K or dicoumarol is outside the scope of this paper, as both 
substances act only in vivo. References may be found in the papers of Dam (69) 
and Link (185). Salts of the rare earths also decrease the concentration of 
prothrombin in vivo (74,133,298). 

The activation of prothrombin is still a problem of dispute (see Sec¬ 
tion D). Prothrombin and thromboplastin, and possibly also cal¬ 
cium, appear to intet^ct according to a stoichiometric relationship in 
the formation of thrombin, but the nature of this reaction is un¬ 
known, although some experimental facts point to a splitting of the 
prothrombin molecule into smaller thrombin molecules. Mertz, 
Seegers, and Smith (201) detected in careful experiments a quanti¬ 
tative interrelationship between prothrombin and thromboplastin. 
They could titrate thromboplastin when using solutions containing an 
excess of prothrombin. Until quite recently Seegers considered a 
stoichiometric reaction between thromboplastin and prothrombin 
(274), but he seems now to be of the opinion that thromboplastin is 
not consumed during thrombin formation (275,301). Chargaff (55) 
found it possible, by high-speed centrifugation, to isolate the thrombo¬ 
plastic agent with unchanged activity after it had reacted with pro¬ 
thrombin, and he adheres to the theory of an enzymic reaction. 
According to Owren (233, p. 192) the stoichiometric results obtained 
by Smith et al. (201) may be explained through interference with the 
new accelerator factor. Quick (251) used Amberlite-treated blood in 
an investigation on the quantitative relationship between calcium and 
prothrombin. Loomis and Seegers (186) measured the pH optimum 
of the activation (pH 7.2) and the inhibitory influence of salts on 
the activation. They conclude that calcium acts as a catalyst. 

F. PROTHROMBIN AND THROMBIN 

For a complete understanding of the activation process purified 
preparations of prothrombin and thrombin are needed. Seegers et al. 
have developed further their methods based on the adsorption of 
prothrombin on magnesium hydroxide (277,278,283,307). Fantl and 
Nance (86) investigated the adsorption of prothrombin on tertiary 
calcium phosphate, magnesium hydroxide, alumina gel, barium carbon¬ 
ate, and barium sulfate. The latter two substances were found to be 
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the most selective adsorbents and were used for preparing prothrlSIjfci 
bin (88). Fantl and Nance suggest an adsorption technique as a 
chemical determination of prothrombin, but the results of Rosenfield 
and Tuft (268) show an increased protein adsorption on barium sul¬ 
fate in blood when the prothrombin content is decreased as a result of 
liver disease and dicoumarol therapy. The method is not recom¬ 
mended for clinical use. Munro and Munro (213) describe the 
preparation of prothrombin by adsorption from plasma directly on 
alumina gel. 

The principles of Mellanby (199) have served as a basis for further 
developments by Milstone (204) and Robbins (265). In this method, 
prothrombin is spontaneously transformed into thrombin during 
storage of the purified prothrombin. Seegers et at. (loc. cit.) add 
thromboplastin to the purified prothrombin in order to convert it into 
thrombin. Astnip and Darling (11,12) resume the older method of 
Mellanby (198) and Bleibtreu (37) and describe a convenient method 
of obtaining thrombin preparations by adding thromboplastin to the 
solution of Mellanby fibrinogen. They tried to prepare prothrombin 
in a similar manner (19) but obtained unstable solutions because of 
the presence in the preparations of proteolytic enzymes which could 
not be removed. The destruction of prothrombin by the proteolytic 
enzyme in plasma was later observed by Seegers and Loomis (274, 
279). Thrombin is not destroyed under these conditions (123,279), 
although it is destroyed by trypsin (124,125). Astrup and Darling 
(11,12,17,19) found thrombin to behave as an albumin, while pro¬ 
thrombin appears to behave as a globulin. Similar results were 
obtained recently by Seegers and Ware (285). Thrombin does not 
contain phosphorus. It cannot therefore contain the thromboplastic 
lipide as an integrated part of the molecule. The conversion of pro¬ 
thrombin may therefore consist in a splitting of a globulin molecule 
into one or more smaller albumin molecules of thrombin. This is 
evidently a specific proteolytic process, the nature of which is still un¬ 
known. A stoichiometric reaction of thromboplastin (and calcium ?) 
in this process would indicate that part of the prothrombin molecule 
is split off in combination with these substances, leaving the thrombin 
molec.ule behind. This reaction appears to be one of selectivity in 
that thromboplastin (and Ca) are unable to activate a number of 
other zymogens. The activating properties of some proteolytic 
enzymes (e.g., trypsin) may be explained as a nonspecific proteolytic 
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splitting of the prothrombin molecule into smaller fragments, part of 
which will pass through an intermediary state corresponding to the 
configuration of thrombin. In such a dynamic reaction molecules 
and split-products of various sizes are simultaneously broken down 
further. The amount of thrombin will be small compared with the 
total amount obtainable in the specific process and it will disappear 
during the reaction. This mode of reaction is therefore tentatively 
suggested as an explanation that will bring the proteolytic activation 
of thrombin into conformity with the known properties of the sub¬ 
stances and with the activation by means of thromboplastin. 

Prothrombin was p??pared in large quantities from human blood 
for the production of thrombin by the low-temperature-ethanol pre¬ 
cipitation method developed especially in E. J. Cohn^s laboratory. 
An excellent review was given by Edsall (78) (see also 62,80,228). A 
similar method based on precipitation with ether in the cold was 
worked out by Kekwick et al (168). 

The inactivation of prothrombin by the proteolytic enzyme in 
plasma (plasmin, fibrinolysin) has been mentioned. Mertz, Seegers, 
and Smith (200,201) obtained evidence that prothrombin was in¬ 
activated by thrombin. According to Ferguson (97) prothrombin, 
however, is stable in the presence of thrombin; and he suggests that 
the proteolytic plasma enzyme is responsible for the destruction of the 
prothrombin reported by the previous authors. The prothrombin 
prepared from chick plasma after the method of Mellanby is stable 
and is not destroyed when chicken thrombin is added (Astriip, 6). 
It is difficult to prepare thrombin solutions without traces of proteo¬ 
lytic enzymes (c/. the paper of Hudemann, 146), or proenzyme 
(Astnip and Permiii, 23). Astrup and Darling (19) supposed that the 
proteolytic enzymes present as impurities were the cause of the de¬ 
struction of prothrombin as observed by Mertz et al. Prothrombin 
might be very sensitive toward this enzyme and therefore react after 
the addition of only small amounts. Collingwood and MacMahon 
(63) seem to be the first to have observed a deterioration of prothrom¬ 
bin under these conditions. Seegers, however, still is of the opinion 
that pure thrombin as such destroys prothrombin (274,275,307), 
although the results of Owren (233) support the opinion of Ferguson 
and Astrup. Seegers (273,302) studied the stability of prothrombin 
and thrombin. Glycerol (75%) and sucrose (66%) are among the 
best stabilizers for thrombin solutions, while prothrombin is not 
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stabilized. Fantl and Nance (87) investigated the inhibitory action 
of some SH-containing substances (cysteine, glutathione and 2,3- 
dimercaptopropanol (BAL)) on the components of the clotting sys¬ 
tem. BAL was found to be the most active inhibitor. It had no 
effect on thromboplastin or fibrinogen and only a slight effect on 
thrombin; but it rapidly inactivated prothrombin. Seegers and 
Doub (276) investigated the action of oxidized cellulose (used as a 
hemostatic substance) on thrombin. The acidic products destroyed 
thrombin because thrombin is inactivated at acidities higher than pH 
4.3. When neutralized, only highly oxidized cellulose will destroy 
thrombin, but the nature of the inactivating factor is not known (see 
66). Pdlos (236) found thrombin to be destroyed by molecular oxy¬ 
gen, a reaction which could be prevented by heparin. Astrup (10) 
investigated the action of tetranitromethane (TNM) and found fibrinV 
ogen to be rather stable, while thrombin in the presence of TNM was 
inactivated rapidly in a first-order reaction with an activation energy 
{E) of about 15,000 calories. Thrombin is adsorbed on the fibrin 
formed during clotting, but is released again after resolution by means 
of the proteolytic plasma enzyme (Seegers, 274; cf. 210 and 321). 
The method of Howell (143) for preparing thrombin was based on an 
extraction of thrombin from the fibrin (c/. 266). 

In some instances a regeneration of the activity of inactivated 
prothrombin has been claimed (139). Chak and Giri (50) found that 
CO 2 would regenerate prothrombin (c/. 295), and Munro and Munro 
(212) describe a factor responsible for its reactivation. Seegers (275, 
307) describes a regeneration of prothrombin during its destruction 
by means of thrombin. These processes are still obscure and need 
further investigation before the interference of side reactions is ex¬ 
cluded. 


G. FACTOR 5 OR THE ACCELERATOR FACTOR 

A question of major importance is the stability of prothrombin in 
blood and plasma as used for blood transfusions. A wealth of papers 
have appeared concerning this question, but they need not be re¬ 
viewed here, as the discrepancies between the results of various in¬ 
vestigators appear to find an explanation in the existence of two 
plasma proteins being responsible for the formation of thrombin, one 
of these being the prothrombin proper, and the other a labile protein 
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termed by various discoverers as prothrombin-A, labile factor, factor 5, 
accelerator factor, or accelerator globulin. References on the stability 
of prothrombin in plasma are found, for example, in the papers of 
Kazal and Arnow (164), Ware, Guest, and Seegers (302), and Fantl 
and Nance (88). 

In 1943, Quick (246,249) made the important observation that 
oxalated plasma that had lost its prothrombin content during storage 
regained its ability to clot when mixed with plasma from an animal 
receiving dicoumarol and which alone would not clot. Quick drew 
the conclusion thaUAhe classical prothrombin consists of two com¬ 
ponents coupled by means of calcium. He called the labile compo¬ 
nent which disappears during storage prothrombin-A and the more 
stable component, which disappears in dicoumarol poisoning, pro- 
thrombin-B. It is the latter component that is removed by adsorp¬ 
tion, e.g.j on alumina. Heating destroys the labile component very 
Rapidly. It is stable in native plasma, but unstable after addition of 
decalcifying agents (oxalate, citrate). Deficiency in vitamin K re¬ 
duces the amount of the stable component. Quick later (253) 
changed the term ^^component A** to labile factor, now considering 
‘^component to be the prothrombin proper. 

In 1944, Owren (232) described a case in which the prothrombin 
time as measured by QuickCs method was prolonged, but which did not 
respond to a treatment with vitamin K. Such patients had been 
observed by previous authors, but Owren, using blood from his pa¬ 
tient, was able to show that the amount of prothrombin in the blood 
was normal and that a new factor (called ^^factor 5’^ or “V”) essential 
to the transformation of prothrombin into thrombin was lacking in his 
patient. The experiments leading to these results were later pub¬ 
lished as a comprehensive study (233). A normal prothrombin time 
was obtained when small amounts of normal mammalian (including 
human) plasma were added, even after prothrombin had been re¬ 
moved from these samples by adsorption on alumina. Owren later 
purified this new factor (234). He further showed that, in order to be 
able to transform prothrombin into thrombin (in the presence of 
thromboplastin and Ca^*^), factor 5 must be converted into a new 
component, ‘‘factor 6’^ or (“VF^), which is the active substance proper 
and of which factor 5 serves as a proenzyme. Factor 6 is easily de¬ 
stroyed and disappears, therefore, during and after the reaction, 
Fischer's double logarithmic formula for the action of thrombokinase 
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is valid also for the action of factor 5. In hemophilic blood the con¬ 
centration of factor 5 is normal. During storage of blood, factor 5 dis¬ 
appears. From his very careful investigations Owren drew the 
following conclusions about the mechanism of the formation of throm¬ 
bin. 

Factor 5 in the presence of thromboplastin and Ca'^'^ and a com¬ 
ponent present in the prothrombin preparation, but which presumably 
is not the prothrombin proper, is converted into factor 6. This new 
factor then transforms prothrombin (in the presence of Ca'^'^) into 
thrombin. In the first reaction, thromboplastin may be exchanged 
with factor 6, and this explains the autocatalytic formation of throm¬ 
bin. Quite recently Owren (36) has presented evidence that even the 
transformation of prothrombin into thrombin by means of factor 6 
needs the presence of an additional new factor. According to Owren 
prothrombin does not disappear rapidly from serum, as found by 
Quick in his previously mentioned ^‘prothrombin consumption test.^^ 
The basis for this test is a disappearance of the new factor essential for 
the formation of thrombin in the presence of factor 6. This observa¬ 
tion is of great importance and may be the clue to some of the contro¬ 
versies about the properties of factor 5 and factor 6. 

In 1945, Nolf (223) showed, by means of a treatment with trical¬ 
cium phosphate, that the classical prothrombin in native plasma con¬ 
sisted of two substances which could be separated from each other. 
The properties of one of these substances (226) indicate a probable 
relation to Owren^s new fdctor just mentioned. 

In 1946, Fantl and Nance (85) presented evidence that a factor 
accelerating the conversion of prothrombin into thrombin was present 
in plasma. They regard this factor as identical with Owren's factor 5 
and with QuickCs labile factor and described its preparation and 
properties in later papers (88). 

Seegers and collaborators soon confirmed the findings of Fantl and 
Nance of a factor in plasma accelerating the activation of prothrombin 
(304). They further confirm Owren^s results on the difference be¬ 
tween the accelerator factor as present in plasma and as present in 
serum, although they assume the transformation of the plasma factor 
to the active serum factor to be caused by thrombin (305). In a 
number of papers Seegers et al. investigated the properties of the 
accelerator factor and found it rather stable in oxalated ox plasma 
(214). Bovine plasma contains large amounts of the accelerator 



26 


TAGE ASTRUP 


globulin, while the amount in human plasma is rather low (214,233). 
In chloroform poisoning, the concentration of accelerator globulin as 
well as of prothrombin decreases (291). They described the partial 
purification and determination of plasma and serum accelerator glob¬ 
ulin (306). They regard the plasma ac-globulin as identical with 
Owren^s factor 5 and serum ac-globulin as corresponding to his factor 
6, but find that Ca'^^ is not necessary for the formation of the active 
accelerator for which they propose the following equation (c/. 275): 

^ . thrombin 

plasma wPfelobulin - > serum ac-globulin 

Although Seegers is of the opinion (214,278,304,306) that his ac- 
globulin is different from QuickCs prothrombin-A or labile factor, 
Owren as well as Fantl and Nance assume their factors to be identical 
with both these components (88,234). 

Further work in Quick’s laboratory (142,255) confirmed his previous 
experiments and proved that fibrinogen was not the cause of the re¬ 
tarded prothrombin time obtained in stored or adsorbed plasma, but 
that a labile factor was involved. It was found that, while this factor 
disappears rapidly in oxalated plasma during storage, it is fairly stable 
in citrated plasma, an observation that may explain some of the dis¬ 
crepancies noted. 

The proof of the existence of this new fifth factor in blood coagula¬ 
tion and the finding of a clinical condition in which it is lacking forms 
the explanation of a number of observations made by previous 
authors. 

In their work on prothrombin and its purification Smith et al. 
(272,308) noted a delayed velocity of its conversion into thrombin as 
more pure products were obtained, and this observation has been 
confirmed by all subsequent workers. They also observed that pro¬ 
thrombin in certain species (man, guinea pig) was converted more 
slowly into thrombin than in other species (dog, rabbit), a fact which 
interferes with the determination of prothrombin in the one-stage 
method. Heating prothrombin produced slow convertibility (Mel- 
lanby, 199; Seegers, 272,306). Astrup (6) made the observation 
during his investigations on autocatalysis that the velocity of throm¬ 
bin formation appeared to depend upon the presence of a variable 
factor in the solutions of Mellanby fibrinogen. 

Brambel and Loker (44) found evidence for prothrombin acceler- 
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ators or activators in blood. The independent clotting-accelerating 
properties of serum were observed as early as in 1904 by Bordet and 
Gengou (42,43). Bordet assumes that a precursor (^‘proserozyme’^) 
of prothrombin (‘^serozyme^’) exists in blood, and that proserozyme 
rather than serozyme is adsorbed on tricalcium phosphate (40). 
Wiemer (314) finds that tricalcium phosphate adsorbs prothrombin 
proper. Zunz (328) describes a conversion of proserozyme into 
serozyme by means of staphylocoagulase, thus confirming observa¬ 
tions of Gratia (128)—compare the results of Fredericq (114). 

All these results are now easily explained as being due to variation 
in the amount of the accelerator factor present. 

Since the discovery of the new factor in blood clotting, experiments 
confirming and extending these results have appeared steadily (91, 
100,104,149,195,196,212,213,229,258). In his first paper. Quick used 
dicoumarol plasma in some of his experiments. Later results indicate 
that the relations may be more complicated than he had assumed. 
He now believes that the stable prothrombin compound consists of 
two factors (252). MacMillan (194), Owen and Bollman (230), and 
Conley and Morse (64) obtained irregular dilution curves in mixtures 
of dicoumarol plasma and adsorbed plasma. Dam (70) obtained 
similar results with mixtures of plasma from vitamin-K-dcficient and 
dicoumarol-poisoned chicks. The amount of the accelerator factor in 
blood did not decrease significantly during dicoumarol treatment (83). 
Mawson (197) finds evidence for accelerator factors other than factor 
5 in experiments with brain thromboplastin and mixtures of snake 
venoms and lecithin on dicoumarol plasma and plasma from a case of 
nontropical sprue. The action of viper venom on the accelerator fac¬ 
tor differs from that of thromboplastin (84). 

The discovery of the new fifth factor is without doubt the most 
important contribution to the chemistry of blood clotting since the 
classical theory was accepted generally as a working basis a decade 
ago. The equally important discoveries of vitamin K and dicoumarol 
are associated primarily with the physiology of blood clotting. The 
problems of most significance for further development are without 
question the elucidation of the properties of this new factor 5, its 
transformation into factor 6, and the mechanism of its action in the 
clotting process. On these points opinions are divergent. Of im¬ 
portance is the disclosure of any possible relationship to thromboplas- 
tinogen in plasma, to an eventual precursor (‘^proserozyme^O of pro- 
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thrombin, or to the proteolytic (“tryptic^') enzyme in blood. Some 
of these questions have been discussed by Ovvren in his monograph, 
but the problems are still unsettled. The appearance of the papers of 
Milstone (205) further indicates the need for clarification. He de¬ 
scribes experiments intended for the investigation of the plasmatic 
prothrombokinase but obtains, as it seems, results conforming to 
those obtained for the accelerator factor. In fact, Milstone assumes 
the thromboplastinogen (prothrombokinase) of plasma and the fifth 
factor to be identical. As previously mentioned, it appears beyond 
doubt that the thronjjj^pplastinogen of plasma and factor 5 are sepa¬ 
rate entities. They have different properties, and while the thrombo¬ 
plastinogen is decreased in hemophilic blood the amount of factor 5 is 
normal. A careful reinvestigation of all previous experiments relat¬ 
ing to the plasmatic thromboplastinogen and its conversion into 
thromboplastin in the light of our new knowledge about the fifth fac¬ 
tor is therefore urgently needed. Much unavoidable confusion exists 
because this factor and its role in the clotting proc(‘ss were unknown 
to earlier investigators. Most probably the formation of an activ(i 
thromboplastic agent in plasma from the thromboplastinogen plays a 
role in the conversion of factor 5 to factor 6, thus explaining a seem¬ 
ingly autocatalytic formation of this factor and of thrombin. 

It seems evident now that the factors known as prothrombin-A, 
labile factor, factor 5, accelerator factor, and ac-globulin are the same 
substance. None of the terms mentioned are suitable as a systematic 
name for the substance in (question. To avoid confusion the present 
author, not being involved in this part of the blood-clotting field, may 
be excused for taking the opportunity to propose accelerin as a name 
for the new active clotting factor. This term permits an easy formu¬ 
lation of proaccelerin for the precursor and follows the terminology 
used for other substances produced from proteins circulating in the 
blood such as thrombin, plasmin (fibrinolysin), hypertensin, and 
fibrin. Owren (233) has proposed the terms prothrombinase (or 
thrombinogenase) and pro-prothrombinase (or prothrombinogenase) 
for factor 6 and factor 5, respectively, but admits the poor adaptabil¬ 
ity of these terms. Further it is perhaps an advantage that the pro¬ 
posed term does not involve any assumptions concerning the mode of 
action of the substance on prothrombin, but only expresses what is 
observed, namely, an acceleration of the thrombin formation. 
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III. The Clotting Process 

A. FIBRINOGEN 

Fibrinogen is the substrate on which thrombin acts. This reaction 
is a conversion of a soluble protein present in colloidal solution into an 
insoluble protein (fibrin) appearing under normal circumstances as a 
solid clot. That means that tlie reaction consists in a sol-gel trans¬ 
formation, but the mechanism is still unknown although it is now 
universally accepted as an enzymic reaction. 

Fibrinogen is generally prepared from plasma by means of a salt precipitation 
(NaCl, (NH4)2SOd. It is a very labile protein, and almost every investigator has 
made his own modifications of the procedures involved. Astrup and Darling (15) 
compared different methods and found that ammonium sulfate yielded the 
best results— cf. Wunderly (326,327). Nanninga (216,217) used a similar 
method but preferred barium sulfate as adsorbent instead of tricalcium phos¬ 
phate. His fibrinogen preparations appeal remarkably stable. Jaques (154) 
preferred precipitation with concentrated phosphate solution in order to eliminate 
nitrqgen, and also obtained stable solutions. Avery and Munro (25) obtained the? 
highest purity by phosphate precipitation. The isolation of fibrinogen by 
Cohn’s alcohol precipitation method is described by lOdsall (78,80,211) and Cohn 
el al. (62). A globulin less soluble in plasma than fibririogon is found. It sepa¬ 
rates in the cold and presents difficulties during electrophoresis (211). 

This observation has been made by several previous authors, and 
it has been proposed that electrophoresis of fibrinogen should be made 
at 20'^C. instead of at 4"^ (160). However, no difficulties were men¬ 
tioned by Avery and Munro (25), and pure fibrinogen does not sepa¬ 
rate in the cold. Ware, Guest, and Seegers (303) prepared (with 
small yields) fibrinogen from frozen plasma by centrifugation in the 
cold. A (darification is needed of the relation of such observations to 
the possible presence of a ^'profibrin.” Hammarsten (135) found a 
^^soluble fibrin” in fibrinogen solutions after freezing and subsequent 
thawing, z.e., in the same manner as Seegers et al. (303) isolated their 
“fibrinogen.” Bordet and Gengou (41) described the agglutination 
of barium sulfate suspensions in fresh serum by means of a “soluble 
fibrin” and similar observations with India ink were made by Detre 
(72). The problem of profibrin formation has especially been dealt 
with by Apitz (2) and Wohlisch (320). In order to remove the pro¬ 
fibrin, Owren (233, p. 133) froze fibrinogen solutions, centrifuged the 
solution immediately after thawing, and then added kaolin or alu¬ 
minum oxide as adsorbent for the profibrin. In this manner he ob- 
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tained fibrinogen solutions of constant reactivity. Fibrinogen can be 
precipitated from plasma by addition of 11% by volume of ether at 
0° Kekwick (168) or by means of chloroform (114,206,221,269). 
According to Laki (173) it is possible to prepare crystalline fibrinogen 
from swine plasma. Nolf (225) destroys thrombin-forming compo¬ 
nents by addition of iodine. 

Fibrinogen is a thread-shaped protein of high molecular weight. 
Holmberg (140) found a molecular weight of about 700,000, while 
Cohn et al. (61) and Edsall (81) found a molecular weight of about 
500,000 with a lengtjj^f 700 A and an axial ratio of 18 (c/. Hall, 134). 
The amino acid composition of fibrin shows a remarkably high content 
of tryptophan. The physical and physicochemical properties of 
fibrinogen and fibrin have been the subject of a considerable number 
of investigations. They were excellently reviewed by Wohlisch 
(320), who himself made important contributions. Further in¬ 
vestigations were presented by Nanninga (217), who obtained a 
molecular weight for fibrinogen of 440,000. Only single investiga¬ 
tions in this field bearing a more direct relationship to the problems 
dealt with in the present review will be mentioned here. Nor will the 
use of thrombin or fibrin for hemostatic or other clinical purposes be 
treated here.* Quick (248'> wrote: ‘^Clinically afibrinogenemia is 
unimportant.’^ But Dam el al. (71) found, clinically, that premature 
detachment of the placenta {ablatio placentae) was connected with 
fibrinogenopenia. 

Fibrinogen is most easily determined after clotting either by means 
of recalcification (28,67,127) or after addition of thrombin (233,239, 
292). The last-mentioned procedure was studied in detail by Morri- 
vson (210). For the properties of the fibrin formed, see Ferry et al. 
(103). 


B. CLOTTING OF FIBRINOGEN 

The relation between clotting time and concentration of thrombin 
follows the double logarithmic straight curves mentioned in an earlier 
section for thromboplastin (9,152), but under favorable conditions 
reciprocity between the clotting time and thrombin concentration is 
obtained (9,41,179,205). The optimum pH for the action of thrombin 
on fibrinogen has been investigated by several authors. The problem 

* See the series of papers in Journal of Clinical Investigation^ Volume 23, 1944. 
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was dealt with in detail by Astrup (8,9), who obtained different re¬ 
sults when acids instead of buffers were used for varying the pH. 
This discrepancy found its explanation in the influence of the salt 
concentration as expressed in the ionic strength of the solutions on the 
reaction. When the ionic strength was kept constant, reproducible 
results were obtained. The phosphate buffers commonly used in 
enzyme chemistry vary in ionic strength according to their composi¬ 
tion, and give erroneous results as the optimum is changed to a more 
acid reaction. The inhibitory effect of neutral salts on the clotting 
has long been known (309); but Astrup could show that neutral salts, 
with the exception of salts with specific protein-deneturing ions, in¬ 
hibited in accordance with the ionic strength of their solutions. This 
conclusion was not in conformity with the results of Glazko and 
Greenberg (126), but they allowed a complete explanation of his ex¬ 
perimental results. Ferry and Morrison (102), in their studies on the 
conversion of human fibrinogen to fibrin under various conditions, 
also found the optimum pH at the neutral point, but found concen¬ 
trated fibrinogen solutions to be less sensitive to changes in hydrogen 
ion concentration than more dilute solutions. They observed the 
increase in clotting time produced by increasing the ionic strength. 

The extreme sensitivity of the fibrin formation to variations in the 
ionic strength of the solutions might be caused by the purely physical 
conversion of the soluble fibrinogen into the fibrin clot, and only to a 
lesser degree by the enzymic reaction proper. But Astrup (9) points 
out the possible importance of the ionic strength to enzyme reactions 
in general as an explanation of the so-called ‘‘salt effect.'^ Of im¬ 
portance in this connection is the observation of Laki and Mommaerts 
(175) that fibrinogen is transformed into fibrin by a two-step reaction. 
The first reaction is a transformation under the influence of thrombin 
to a “profibrin,” which then polymerizes to the fibrin proper. At acid 
reaction (pH 5.1) only the first reaction takes place, but the substance 
formed produces a clot when the mixture is neutralized. Only the 
last reaction is inhibited by addition of neutral salts (207). 

Astrup (9) gives the results on page 32 for the pH optima of the 
thrombin action (in phosphate buffer). This means that it is possible 
by the action of thrombin (ox thrombin was used in all cases) to show 
that fibrinogen is species-specific, thus confirming previous results (see 
14 and 169 for references). 
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Fibrinogen 

Buffer of 

ionic strength 0.2 

Buffer of 
molarity 0.2 

Man 

7.5 

6.9 

Horse 

7.0 

6.7 

Ox 

7.0 

6.5 

Chick 

6.4 

6.1 


As mentioned above, fibrin adsorbs some of the thrombin present 
during its formation, but it is again released by action of the proteo¬ 
lytic enzyme in plajjpa (274,280). Hind (138) found that pepsin 
combined with fibrinogen at pH 5.0 to 5.6, yielding a noncoagulable 
compound. After treatment with alkali the fibrinogen regained its 
clotting power. The combination of pepsin with fibrinogen may be 
prevented by the presence in fresh serum and plasma of an inhibitory 
substance (‘^pepsin inhibitor^^). This inhibitor can be removed from 
fibrinogen. He assumes that trypsin and the proteolytic plasma 
enzyme act in a similar manner, but his few experiments on this point 
are inconclusive and may be explained by a simple proteolytic split¬ 
ting of the fibrinogen. Fibrinogen and fibrin are very easily broken 
down by tryptic enzymes and the fibrinolytic enzyme (plasmin, 
fibrinolysin) in plasma. The products first obtained are, in the case 
of plasmin, new proteins (140,150,163,281). 

The nature of the reaction between thrombin and fibrinogen is still 
unknown notwithstanding the large amount of work done on this 
question. There is general agreement that the process is an enzymic 
reaction, but that is all, Wohlisch (320) has treated this question, 
especially from a more physicochemical point of view. He supposes 
thrombin to act as a specific ^‘denaturase^^ for fibrinogen, but Mom- 
maerts (207) denies this and proposes the formation of a coacervate as 
an explanation. He is of the opinion that thrombin has an isoelectric 
point in the alkaline region, but this is contrary to previous results 
according to which thrombin is an acid protein (12,204,272). The 
physical properties of the fibrin formed have been studied thoroughly 
by the Harvard group (c/. 79 and 102). The hypothesis that throm¬ 
bin is a proteolytic enzyme is now regarded as obsolete, as all the 
nitrogen in purified fibrinogen may be recovered as fibrin (150,303). 
Most probably thrombin acts as a specific polymerase, but the under¬ 
lying chemical reactions are completely unknown. 

Jaques (154) found that oxidizing agents such as iodine, permanga- 
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nate, dichromate, and hydrogen peroxide produced precipitates in a 
fibrinogen solution. Fibrinogen does not give the nitroprusside 
reaction for free thiol groups and he assumes that the oxidation takes 
place at other points of the molecule. Fibrinogen treated with H 2 O 2 
still yielded normal clots with thrombin. The reducing power of 
fibrinogen toward H 2 O 2 was not changed by denaturation but in¬ 
creased during conversion to fibrin. Chargaff et al. (59) observed the 
formation of fibrin clots when a number of oxidizing or decarboxylat- 
ing agents (choramine-T, a-naphthoquinone sulfonate, ninhydrin) 
acted on fibrinogen. They could, however, not find any safe evidence 
for a development of CO 2 during the clotting of fibrinogen by throm¬ 
bin or for the need of atmospheric oxygen for. the process The con¬ 
version of SH groups into disulfide linkages during clotting was re¬ 
cently suggested (29), but this oxidative reaction needs the presence 
of a hydrogen acceptor, the existence of which has not been proved. 
As far as can be deduced from existing experiments it cannot be 
atmospheric oxygen, but the reaction might be an intermolecular 
oxidation-reduction of different groupings in the fibrinogen molecules. 
Nanninga (217) and Edsall (79) could not confirm Lyons’ results (29); 
his polarographic experiments were criticized by Jaciues (155) (cf. 
163). 

Fibrinogen is clotted by certain bacterial enzymes. Some of these 
act directly on fibrinogen (staphylocoagulase) and not through the 
conversion of prothrombin into thrombin. They may need, however, 
the presence of an ^^activator substance” associated with the albumin 
in blood plasma (cf. 119). But these questions will not be dealt with 
here. 


IV. Inhibition of Coagulation 

The coagulation process may be inhibited at different points. The 
formation of thrombin may be prevented by specific inhibitors (other 
than calcium-binding compounds). The possible occurrence of 
thromboplastinogen inhibitors was mentioned in a preceding section, 
and it is known that heparin may act on this stage of the coagulation 
(cf. 7,47,93,99). The most important developments, however, have 
been concerned with heparin and antithrombin, and only these will 
therefore be discussed in this review. 
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A. HEPARIN 

The monograph on heparin of Jorpes (162) appeared in a new edi¬ 
tion in 1946. It covers most of the field and needs only few additions. 

Kuizenga and Spaulding (172) improved the autolysis in the orig¬ 
inal method of Charles and Scott and obtained more than double 
yields of heparin from beef lung. The splitting of proteins with pep¬ 
sin or papain (121) or removal by means of phenol (141) has been 
recommended. Heparin can be directly extracted from tissues by 
potassium thiocyanate (287). The molecular weight of heparin was 
found to be 17,00(^(132,159). The inactivation experiments of 
Wolfrom et al, (325) were also confirmed in the above experiments. 
The decrease in activity is not due to a depolymerization of the mole¬ 
cule. In electrophoresis they found two components, the fastest 
moving component being the most active. In previous electrophoresis 
experiments (60,315,324)only one active component was found. The 
heterogeneity of heparin has especially been pointed out by Jorpes 
(161). Heparin from different animal species showed great variations 
in activity (Jaques et aL, 158), the dog yielding the most potent prep¬ 
aration. These results were questioned, however (323). An acetyl 
derivative containing all activity may be prepared from heparin (30). 

One of the most important chemical properties of heparin is its 
ability to combine with proteins in a reversible manner. With 
protamines a precipitation of a protamin-heparin compound is 
obtained (Fischer, 107). This reaction was used in neutralizing 
heparin (Chargaff and Olson, 57). The compound is split by trypsin 
(111). The combination with proteins follows the law of mass action 
(113) and this reaction was studied in detail by Jaques (153). The 
metachromatic activity of heparin was studied by Jaques et aL (156). 
This reaction cannot be used as a means of determining the amount of 
heparin present, since biological materials might contain substances 
producing the color change without showing inhibition of the clotting 
(4,192). The metachromatic substance in yeast cells was found to be 
a polyphosphate compound (310). 

As is well known, heparin disappears rapidly from the blood stream after injec¬ 
tion. Some is excreted through the kidneys, partly by tubular secretion (Piper, 
242). The remainder disappears in the organism; but the low activity of the 
heparin-destroying enzyme, heparinase, found by Jaques (151) suggests that it is 
not the primary agent causing the disappearance. Several attempts have been 
made to prepare synthetic anticoagulants as inexpensive substitutes for heparin 
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without these drawbacks (from a practical point of view). In a study of the ac¬ 
tion of synthetic polysaccharide sulfuric acids by means of the double logarithmic 
graphs previously mentioned, Astrup et al. (20) found that, while the slopes of the 
curves obtained at different levels of heparin increased with increasing concentra¬ 
tions of heparin as described by Fischer (108), cellulosetrisulfuric acid yielded 
straight lines of the original slope, indicating much less dependence on the presence 
of. large amounts of thromboplastin. The relative action of heparin and the 
cellulose compound therefore depends upon the amount of thromboplastin present 
(21). The starch derivative reacts in a similar manner, while chitindisulfuric acid 
is in between. Such qualitative differences were also described by Piper (241). 
The reason for this discrepancy was found later when it was noted that the syn¬ 
thetic anticoagulants interact with fibrinogen and may produce a precipitate (24). 
Parallel straight curves were obtained when the concentration of fibrinogen was 
varied (27). Similar results were found for another anticoagulant, Liquoid-Roche 
(32). The interaction with fibrinogen may also explain the toxic properties of the 
synthetic compounds, as they all agglutinate the blood platelets (Piper, 240). 
The precipitation of fibrinogen by protamine may be recalled here (215). Syn¬ 
thetic anticoagulants of the heparin type may be prepared from various high- 
molecular polyalcohols ranging from polyvinyl alcohol (56) to dextran (132) and 
inulin (148). An anticoagulant of another type is the crystalline trypsin in¬ 
hibitor isolated from soybeans (c/. 190,293). Pure heparin seems to produce a 
slight degree of platelet agglutination (c/. 65). The change in the slope of the 
double logarithmic curves in the presence of heparin was used as a means of 
measuring the heparin content of blood (257). Heparin does not prevent the 
action of staphylocoagulase (114,264). 

B. ANTITIIROMBIN AND HEPARIN 

Not much is known about the mode of action of heparin except that 
a plasma factor is necessary for its inhibitory activity (c/. 52). The 
antithrombic effect is the best known. The measurement of anti¬ 
thrombin has been described by Astrup and Darling (16), whose 
method is based on the addition of an excess of a potent thrombin arid 
the measurement of the amount remaining after neutralization. Thie 
technique was also used in measuring the antithrombin formed from 
heparin (18). It should be noted here that the clotting time in this 
method is determined as the moment when the fibrin begins to sepa¬ 
rate as threads. A complete clot is not always obtained, especially in 
the presence of heparin, in which instance the structure of the clot is 
changed. The point of flocculation is not changed in purified fibrin¬ 
ogen solutions. These investigations revealed that the normal anti¬ 
thrombin present in plasma is not identical with the factor essential 
to the action of heparin. This factor was therefore given the pre¬ 
liminary term ^^thrombin coinhibitor,'* and the compound formed 
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with heparin was called ^^thrombin inhibitor/' The normal anti- 
thrombin and the thrombin coinhibitor were found in different frac¬ 
tions of plasma, although both seem to belong to the albumins. An 
unexplained discrepancy with the results of previous authors arose, as 
it was not possible to find any coinhibitor in serum (ox)—only in the 
plasma. It seemed to be destroyed during coagulation or heat treat¬ 
ment. The compound formed with heparin was found to be a dis¬ 
sociable compound, the inhibitory activity rising to a maximal limit 
when excess of heparin was added. The reaction between this sub¬ 
stance and thrombin seems also to be an equilibrium. The thrombin 
coinhibitor was founcf*^ be very thermolabile, but the normal anti¬ 
thrombin was rather thermostable. 

The existence of two types of antithrombin was proved definitely 
by Voljcert (300), in his monograph on antithrombin and heparin and 
in additional papers (299). Volkert discovered that the antithrombin 
in rabbit blood increased to the same maximal value after repeated 
injections of solutions of high-molecular compounds (proteins, gum 
arabic, soluble starch), in anaphylactic shock, in obstructive jaundice, 
and after injection of heparin. The increase caused by the high- 
molecular compounds was obtained only after sensitization. It did 
not appear after injections of corpuscular antigens (bacterial cells, 
yeast cells). The maximal increase obtained through physiological 
reactions did not rise further when heparin was injected or added in 
vitro. The component responsible for this increase seems therefore 
identigal with the factor essential to the inhibitory action of heparin. 
When India ink was injected into normal rabbits, only a slight de¬ 
crease in antithrombin, 15-20%, was observed. On the other hand, 
when l 4 dia ink was administered, after the maximal increase was 
obtained, the anti thrombin decreased immediately to normal values 
regardless of the manner in which the increase was produced. Treat¬ 
ment of the rabbits with India ink before the increase prevented any 
subsequent rise. When India ink or chloroform was added to blood 
samples in vitro a similar decrease was obtained, but not when it was 
added to the plasma. When isolated red blood cells were treated 
with India ink, and then, after washing, added to the plasma, a de¬ 
crease to normal values was produced. All these experiments point 
definitely to the existence of two types of antithrombin one being 
normally present in plasma, and the other being produced by com¬ 
bination of heparin or a similar compound with a protein present 
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in the plasma. These two antithrombins are very different from a 
physiological point of view, thus confirming the previous chemical 
results. 

Volkert^s results gained in importance after it was shown by Allen 
et al. (1) that the decreased coagulability of the blood after intense 
ionizing irradiation or administration of nitrogen mustard evidently is 
produced by heparin and can be prevented by injection of protamine 
or toluidine blue (193). Volkert found an increased amount of anti¬ 
thrombin in a considerable number of cases of leukemia and in some 
progressive thrombotic conditions, but not in acute thrombosis or 
after operation. In comparing his results with those of Allen et al. it 
must be remembered that, while Volkert measured the antithrombin 
as such by its neutralizing effect on thrombin, Alienas group measured 
the clotting time after addition of protamine or toluidine blue, thus 
obtaining results depending chiefly on the activation process in blood 
clotting. In none of his experimental conditions did Volkert find any 
significant increase of the spontaneous clotting time when the amount 
of anti thrombin was increased. These lesults point to a difference 
between antithrombin and a simple addition of heparin. 

Ferguson and Glazko (99,124) are of the opinion that the normal 
antithrombic activity is due to a proteolytic enzyme (“progressive 
antithrombin’’), while the antithrombin formed from heparin acts as 
an “immediate antithrombin.” They measure the progressive anti¬ 
thrombin by the velocity of the inhibiting reaction, while immediate 
antithrombin is found to yield a linear relationship between concen¬ 
tration and clotting time. 

Seegers and Smith (284) regard heparin as a catalyst accelerating 
the reaction between thrombin and the plasma cofactor, and they de¬ 
scribe the measurement of this cofactor. 

Wilson (316) measures the amount of thrombin neutralized after 4 
minutes at 28°C. Only incomplete reaction is obtained under these 
conditions. Wilson’s method will reflect more the velocity of the 
reaction than the amount of antithrombin present, although heparin 
if present will probably show up in his method. A similar technique 
was used by Owen and Bollman (231). For the determination of 
heparin by the slope of the double logarithmic curve obtained by 
addition of dilutions of thromboplastin, see the paper by Quivy men¬ 
tioned above (257). 

Quite recently, Monkhouse, Stewart, and Jaques (208) published a 
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new method for the determination of heparin in blood based on its 
precipitation with octylamine and it seems to be the most sensitive 
chemical method yet devised. Herbert (137) found that plasma com¬ 
bined with a certain fraction of the thrombin independent of the con¬ 
centration of thrombin. This observation is difficult to correlate 
with the results of other authors leading to complete saturation after 
15 minutes at 37°C. According to Feissly and Enowicz (93) the co¬ 
factor essential to the action of heparin as an antithrombin differs 
from the cofactor necessary for its antiprothrombic effect. The 
method of Astrup and Darling (16) for measuring antithrombin was, 
in addition to the st*4ies by Volkert already mentioned, used by 
Nielsen (218) and Hum et al. (147) for clinical and physiological in¬ 
vestigations. It may be added that this method measures the sum 
of normal antithrombin and the^antithrombic substance formed from 
heparin. 

The substance formed from thrombin and antithrombin has been 
known as metathrombin’’ because it has been supposed to be able to 
yield active thrombin again upon treatment with alkali. It was 
pointed out by Astrup and Darling (18) that it is the reaction between 
thrombin and normal antithrombin that may be supposed to yield 
metathrombjn, while the compound formed from the interaction 
with heparin plus cofactor seems to be of another nature. The rela¬ 
tion between antithrombin and metathrombin was discussed espe¬ 
cially by Wohlisch (322), but the problems remain unsolved. It has 
been mentioned by Lenggenhager (180) that the possible explanation 
of the alleged reactivation of thrombin from metathrombin may be a 
formation of new thrombin by activation of prothrombin. The 
activation experiments of Mellanby (198) using alkali may be recalled 
here. 


V. Conclusion 

The amount of work dealing with the reactions which lead to the 
formation of thrombin has been extensive and of great importance. 
It has therefore taken up a considerable part of the present critical 
treatment. Other aspects have been treated rather superficially and 
some not at all. However, it seemed of greater importance to the 
general reader that he should be given a rather careful treatment of an 
important, although restricted field, than to have a broad but neces¬ 
sarily more superficial view presented. In that case he could just as 
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easily collect his information from current annual reviews. The field 
of blood clotting has developed to such an extent that in the future 
probably any thorough treatment will have to be restricted to certain 
pertipent parts of the whole complex in order to fulfill its purpose 
without becoming too voluminous. That is the reason for not in¬ 
corporating in this paper a section on fibrinolysis. 

Only one comment of a more general nature will be added here: 
In the living organism blood serves as a medium performing several 
functions on which the existence of the organism depends. Oxygen, 
nutritive substances, and vitamins are taken up and transported to 
the various tissues. Hormones are carried from the producing organ 
to the site of reaction in the tissues. It was pointed out recently by 
Astrup and Permin (22), in connectiun with studies on the tissue 
activator of the fibrinolytic enzyme in blood, that blood is not always 
a passive transporting medium. We must add a new mechanism 
according to which the circulating blood carries a certain stock of 
proteins serving as precursors of biologically active substances. 
Upon the introduction of specific activating substances into the blood 
stream, these precursors will be transformed into substances of highly 
specific biological activity. Thus the following reactions may occur: 

prothrombin- > thrombin 

proaccelerin-► accelerin 

(factor 5)-► (factor 6) 

hypertensinogen-► hypertensin 

plasminogen-> plasmin 

(profibrinolysin)-► (fibrinolysin) 

Evidently this mechanism furnishes the organism with a reaction 
by which an urgently needed biologically active substance can be 
produced in amounts very rapidly at the place at which it will be used. 
The general nature of this mechanism is further strengthened by the 
recent discovery by Rocha e Silva (267) of the formation of a de¬ 
pressor substance, bradykinin, in blood by a similar reaction. 
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I. Introduction 

According to Kiihne (39) it was Claude Bernard who first noticed 
the beautiful red color which was obtained when pancreatic extracts 
were treated with nitric acid and about the same time, Baeyer, who 
obtaining indole by distillation from similar preparations, regarded 
this color as characteristic of indole. Nencki (47) noticed indole 
among the derivatives from the action of pancreatic extracts upon 
casein. Kiihne showed that this was due to the putrefaction occur¬ 
ring and not to the action of the pancreatic enzymes; he regarded 
indole as a breakdown product of albumin. All these workers were 
very conscious of the fecal smell of their preparations. Indole and 
indoleacetic acid were isolated by Salkowski and Salkowski (53). 

Hopkins and Cole (36) studied the action of Escherichia coli on 
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tryptophan which they had recently isolated. The result of aerobic 
breakdown was the production of indole and indoleacetic acid; 
anaerobically indolepropionic acid, but no indole or indoleacetic acid, 
was formed. Herzfeld (33) obtained a 60% yield of indole by boiling 
tryptophan in the presence of copper sulfate and 9% (w/v) sodium 
hydroxide, and Herzfeld and Klinger (34) proved a rough stoichi¬ 
ometric relationship between the indole formed and tryptophan me¬ 
tabolized by bacterial action. 

Frieber (26) showed that the color test used by Salkowski was not 
specific for indole aniUfound no production of indole by many strains 
of microorganisms which had been reported indole positive. He re¬ 
examined the color reactions then in use, commented on the fact that 
all researchers found the EhiJich reaction the best, f.e., the most 
specific, but noted that the Salkowski reaction was the cheaper. 
Those who preceded him were concerned not with the mechanism of 
indole production but the differentiation of bacterial types. Fiieber 
(26) and Neisser (46) claimed that those organisms which did not 
produce indole from tryptophan under aerobic conditions formed 
indoleacetic acid which they regarded as an intermediate in indole 
formation and that indole formers also, in the presence of fermentable 
carbohydrate, caused the oxidation of the tryptophan only to this 
intermediate stage. Fricbei’ (26), in growth experiments, failed to 
obtain indole from 3-indolecarbox-ylic, 3-indoleacetic, and indole-2,3- 
dicarboxylic acids, i8-3-indolcpyruvic acid, and j8-3-indoleethylamine, 
but their mechanism for indole formation still appears in respectable 
textbooks of biochemistry though its foundations were completely 
destroyed by Woods (65) and almost simultaneously by Happold and 
Hoyle (28). Saito (52) found some indole formation when Escherichia 
coli grew with d^/S-3-indoleacetic and /8-3-indolepyruvic acids in the 
presence of an alternative nitrogen source. 

This latter was in contradistinction to Frieber who found no indole 
from indolepyruvate in the presence of ammonium lactate but it is 
well to remember that asparagine and ammonium lactate were present 
in Saitohs medium which might have aided transamination, in a 
pyruvate-aspartic coupled reaction. 

Raistrick (50) (quoted by Cole) suggested that the primary reac¬ 
tion in both the aerobic and anaerobic breakdowns of amino acids by 
bacteria is a deamination to the unsaturated acrylic acid. This sug¬ 
gestion derives from the isolation of urocanic acid as a product of 
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histidine metabolism. This promising hypothesis had to be dis¬ 
carded when both Woods (66) and Happold and Hoyle (28) showed 
that neither in growth experiments nor with tryptophanase prepara¬ 
tions could this type of compound give rise to indole. Woods had 
shown there was no formation of indole from indole-3-aldehyde, in- 
dole-3-carboxylic acid, indole-3-acetic acid, iS-3-indolepropionic acid, 
and j3-3-indoleacrylic acid; i3-3-indolepyruvic acid gave 10% produc¬ 
tion of indole when washed suspensions were aerated in the presence 
of this compound and ammonia. Woods clearly visualized this as 
dependent upon the amination of the pyruvate to tlie amino acid. 

Happold and Hoyle obtained similar results with their nonviable 
enzyme preparation. Thus the position in 1935 was that the old 
theories for indole production from tryptophan had been disproved 
but no new hypothesis had been propounded. 

Before proceeding further it is well to consider the differences in 
technique adopted by Woods and the Leeds workers, respectively. 
The former used washed viable suspensions. Indole was determined 
by Bergeim^s (7) modification of the method of Herter and Foster 
(32), a method which gave results with an accuracy of 97-98% in 
concentrations between 1 and 0.1 mg. The curves show optimum 
indole production occurring in 20-36 hours. 

When oxygen uptake, carbon dioxide evolution, and indole produc¬ 
tion were studied concurrently in Barcroft manometers. Woods found 
that only a 40% conversion could be obtained (had his method of de¬ 
termining indole been more sensitive and smaller amounts of tryp¬ 
tophan used, the indole formation would have approximated much 
more closely to the theoretical yield). He was able to establish the 
over-all equation of the reaction: 

C8H.NCH2CHNn2COOH 4-5 0-► CsHtN + 3 CO 2 -f NH, -f HjO 

He found an oxygen uptake of 472 fi\. 02 /mg. indole formed (5 atoms 
of O 2 require 475 O 2 /mg. indole). The results are in good agree¬ 
ment with the theoretical requirements. 

Woods also studied the effect of certain inhibitors upon his reaction 
and reported that toluene, chloroform, acetone, and cyclohexanol 
completely inhibited the reaction. He seems to have followed this 
effect by measuring oxygen absorptions solely; had he followed the 
indole production throughout he might have anticipated valuable 
later findings. His method for determining indole was, however, 
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laborious and perhaps not sufficiently sensitive for the immediate 
problem and this doubtless influenced the pattern of his method. 

The Leeds workers^ first objective was to obtain non viable enzyme 
preparations—they were handicapped or blessed by having at the 
time no microrespirometers to work with and indeed their work 
sprang from their development of an entirely new technique for de¬ 
termining indole based on the rapid development of rosindole when 
the indole reacts with a sufficiency, but not an excess, of Ehrlich’s p- 
dimethylaminobenzaldehyde reagent (27) .f 

The principle of the fflithod adopted was to extract the indole from the culture 
or reactant mixture by a solvent immiscible with water or with the Ehrlich re¬ 
agent. Light petroleum (b.p. 40-60°), toluene, and xylene fulfilled these require¬ 
ments, but the former was much easier to handle than the two latter. It was 

im 

found that with cultures an equal volume of light petroleum removed about 90% 
of the indole present so that two successive extractions removed practically the 
whole of the indole. Moreover, if Ehrlich’s reagent was added stepwise in 5-ml. 
aliquots first to the second of the two light petroleum extracts, one could rapidly 
tell if the indole present was so excessive as to warrant a third extraction of the 
original reactant mixture. Extraction of the petroleum layer was continued 
with Ehrlich’s reagent until no more rosindole was formed and the summated 
fractions were compared against standard indole solutions similarly treated.* 

Happold and Hoyle (28) made their enzyme preparations using toluene, chloro¬ 
form, and acetone as agents toxic to the living cell. They showed that the com¬ 
position of the media affected the production of tryptophanase within the organ¬ 
ism; a free oxygen supply was essential, any restriction in the latter reduced 
tryptophanase development. They did not know that the indole formation could 
be catalyzed without oxygen uptake since they were only able to follow indole and 
ammonia formation. The most effective preparations were obtained when the 
organism was grown on 1:10,000 tryptophan solidified with agar (pH 7.8) and 
with no other sources of carbon and nitrogen. The total bulk of enzyme obtained 
was poor though the ratio of potency to protein content was higher with this 
medium than with any other. For most purposes a tryptic digest of casein was 
used as a basis for the solid medium employed in the preparation of the enzyme. 

The observations made by Fischer (25) and by succeeding gener¬ 
ations of bacteriologists that indole production by microorganisms is 
inhibited by the presence of glucose in the culture medium was shown 

t It is notable that a standard work on colorimetric methods, Snell and Snell 
(57), mentions our paper among a number of others and then ascribes our detailed 
method to Macchia (42). 

♦ If the amount of indole is of the order of 1 part in 500,000 the reagent is added 
in 1-ml. portions at a time; 1 ixg. indole can be fairly accurately determined. In 
the author’s hands more accurate determinations have been obtained and to a 
lower concentration with Klett colorimeters than with the Spekker photoelectric 
absorptiometer. 
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to be due to failure of enzyme formation, an observation which will be 
more fully developed later. 


II. Early Studies on Mode of Formation of Indole 

A. INTRODUCTORY STUDIES ON MECHANISM 

Baker and Happold (3) prepared and examined a large number of 
new derivatives and, from their results and those of Frieber, Woods, 
and Happold and Hoyle, stated that the integrity of both the a-amino 
and carboxylic groups in the tryptophan side chain is essential to this 
enzymic breakdown. The experimental exclusion of indole-3- 
carboxylic acid as the penultimate stage in the production of indole 
suggested that such production might result from the elimination of 
the alanine side chain as a whole since the lower homologue of tryp¬ 
tophan, r-3-indolylglycine, did not give indole; these workers felt 
that the breakdown mechanism might involve the ^ carbon atom of 
the side chain. 

The presence of a suitable' oxygen substitaent at this jS carbon ren¬ 
ders possible prototropic change in the indole ring with consequent 
conversion into the indolylidene structure; a parallel reductase sys¬ 
tem might give indole by the direct reductive fission of this indolyl¬ 
idene compound. The scheme of breakdown tentatively suggested is 
shown in I. It is to be noted that |S-3-indolylserine is the first sug¬ 
gested intermediate in the reaction. 
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In 1939, Stephenson (59) suggested a hypothesis which was de¬ 
veloped by Krebs, Hafez, and Eggleston (38), viz.^ that /?-o-amino- 
phenylacetaldehyde was the effective indole-producing intermediate in 
the breakdown of tryptophan to indole. This they developed from 
the work of Stephens (58) and of Bennett and Hafez (6) who had 
shown that jS-o-aminophenylacetaldehyde or /J-o-aminophenylethanol 
readily formed indole in vitro and also from the knowledge that in the 
metabolism of tryptophan in the rabbit or by Bacillus suhtilis; tryp¬ 
tophan is converted into kynurenine. They therefore assumed that 
the conversion of ti^tophan into indole might start with an oxidation 
of the ring leading via oxindolealanine to an o-anilino derivative sim¬ 
ilar to kynurenine, and that the side chain might be broken down to 
/?-o-aminophenylacetaldehycl^ which would give rise to indole. It is 
a pity that the text of this paper contains the statement: 

. .at the optimum concentration the rate of indole formation from o-aminO'/3- 
phenylethanol is more than 3 times higher than that from tryptophan” 

since their findings do not justify this simplification which has boon 
repeated in the recent edition of Stephenson^s Bacterial Metabolism. 
It is obvious from their figures that their tryptophanase was saturated 
in the presence of about 12 mg. of tryptophan and that over 50% of 
the theoretical amount of indole was produced using i^-o-amino- 
phenylethanol. Only a 7.3% conversion occurred, and the optimum 
concentration was about 20 mg. of substrate. The Escherichia cx)li 
cells were grown for 5 days at 37 °C. in these experiments. 

Baker, Happold, and Walker (4) repeated the work of Krebs et al. 
and their findings can be summarized as follows: Washed cells which 
yielded 90% of the theoretical indole formation from tryptophan in 
1-2 hours sometimes, but not always, produced indole from (3-0- 
aminophenylethanol—the highest yields represented only a 22% 
conversion after 18 hours^ incubation; there was every evidence that a 
period of adaptation was necessary before indole was produced from 
this substrate and that the enzyme system concerned was not trypto¬ 
phanase. Further evidence of enzymic adaptation was obtained 
using cells grown in the presence of tryptophan or jS-o-aminophenyl- 
ethanol, respectively. The results showed the greater tryptophanase 
activity of the former cells and the fact that the latter first produce 
indole from jS-o-aminophenylethanol. 



TRYPTOPHANASE-TRYPTOPHAN REACTION 


57 


Krebs and his associates recognized that the production of indole 
from i3-o-aminophenylethanol via its oxidative product, the corre¬ 
sponding aldehyde, did not necessarily prove this latter compound 
was an intermediate in the degradation of tryptophan but “they pre¬ 
ferred” to make this assumption which the Leeds workers felt un¬ 
warranted especially when dimedon (5,5-dimethyl-l,3-cyclohexane- 
dione) was shown to inhibit indole formation completely from jS-o- 
aminophenylethanol (confirming that tht‘ aldehyde is the interme¬ 
diate in the production of indole from this substrate) but was without 
effect upon the indole production from tiyptophan. This mecha¬ 
nism, which involves a fission of the indole nucleus oi the tryptophan 
molecule and its subsequent reformation, cannot be mainttiined. 

Baker and Happold (3) in their hypothesis involving the fission of 
the indolylidene striudiire had pointed out that the preliminary proto¬ 
tropic change involving the hydrogen atom in the 1 position of the 
indole nucleus would not be possible if this hydrogen were replaced by 
an alkyl group. Accordingly, a-amino-/3-(l-methylindolyl-3)-propi- 
onic acid was now prepared and tested with tryptophanase. N- 
methylindole was not produced. This finding prescribed a fourth 
essential structural condition for the enzymic degradation in addition 
to the three previously recorded, t.e., the presence of an unsubstituted 
NH group in the indole nucleus of tryptophan. With the assistance 
of Dr. F. W. Chattaway, ethyl-a-bromo-/3-keto-/9-3-indolylpropionate 
was synthesized and treatment of this with cold methanolic ammonia 
gave a product (not yet isolated pure) which with the’enzyme system 
gave a slight qualitative reaction for indole. Further attempts in 
this direction were negative. 

An alternative mechanism to the reductive fission of the indolyl¬ 
idene derivative would be a hydrolytic fission of the /S-keto com¬ 
pound : 



CO-CII-NILCOOH 


+ H2O 


Nil 


> 



-f NILCHCCOOII)^ 


NH 


Aminomalonic acid was, however, quite inert to tryptophanase and, 
moreover, it is difficult to see why the alkylation of the indole nitrogen 
should inhibit enzyme action if this mechanism were correct. 
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A promising hypothesis was suggested by Tatum and Bonner (61); 
they found that a mutant of Neurospora crassa which required tryp¬ 
tophan for growth could utilize indole and L-( — )serine in place of 
the amino acid and they regarded the degradation of tryptophan to 
indole by Escherichia coli as a reversal of the reaction found in Neuro- 
spora. In support of this theory: 

/N—^CH^CIKNHOCOOH H.0 —1 

Ml - - > I 1 J + H0CH2(NH2)C00H 

NH ^ NH 

they showed that some inhibition of indole production followed the 
addition of serine to tryptoplmn; they also claimed the synthesis of 
tryptophan from indole and serine both by the Neurospora strain and 
by E. coli. Experimental details and quantitative results were not 
given at this time. 

Happold and Hoyle (29) had already shown that E, coli growing in a 
tryptophan-free synthetic medium could utilize indole in the metabo¬ 
lism of the cell and both the theories of Baker and Happold and 
Tatum and Bonner might fit the results. Dawes, Dawson, and Hap¬ 
pold (11,12) examined the effect of serine and alanine on indole pro¬ 
duction from tryptophan and sought again for intermediates in the 
direct tryptophan —> indole reaction. 

Bonner and Tatum in support of their hypothesis explained the in¬ 
hibitory action of serine on indole formation as a simple mass action 
effect. Dawes, Dawson, and Happold showed that there is no such 
simple relationship between tryptophan and serine concentrations but 
that the inhibitory effect depends on the saturation of tryptophanase 
with tryptophan. When the enzyme was not fully saturated with 
tryptophan, serine exerted no inhibitory action. Similar results were 
obtained with alanine though the inhibition when present was less 
well marked than with serine. When the enzyme was not fully satu¬ 
rated, serine sometimes appeared to stimulate indole production. 
This relationship is the inverse of that usually noted. In these ex¬ 
periments of Bonner and Tatum viable cells and not enzyme prepara¬ 
tions were used and the results are susceptible to the explanation 
advanced by Bonner and Tatum. There is, however, an alternative 
explanation. Indole formation in the living organism is dependent 
upon the continual reoxidation of the carrier system of the trypto- 
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phanase complex (indole could be produced in anaerobic culture by 
electron transfer). Since alanine and serine, which cause inhibition, 
are preferentially oxidized by tryptophan-adapted cells, while other 
amino acids which do not inhibit are not, a possible explanation would 
therefore be an insufficiency of oxygen to complete the reoxidation of 
the carrier systems for both sets of reactions. All attempts by 
Dawes, Dawson, and Happold to demonstrate indole utilization in the 
presence of serine in growth experiments over 7 -day periods have 
failed. While this work was in progress Fildes (23), using suspensions 
of Escherichia coli and Eherihella typhosa, n^ported failure to demon¬ 
strate either the utilization of indole in the presence of serine or any 
production of tryptophan. However, TTmbreit, Wood, ainl Ounsalus 
(63) prepared an enzyme which catalyzed the synthesis of tryptophan 
from indole and serine using the Bonner-Tatum strain of Neurospora. i 
This enzyme required pyridoxal phos]>hato as coenzyme. Since they 
later prepared a cell-free tryptophanase from E. coli and have not 
identified the one with the other we must assume that their Neuro¬ 
spora enzyme was devoid of tryptophanase activity. 

In either of these hypotheses fission is represented as occurring be¬ 
tween of an intact C 3 side chain and the 3 position of the indole 
nucleus as first suggested by Baker and Happold, though some 
metabolism of the side chain might occur by intramolecular hydrogen 
transfer. 

Dawson (16) had shown that washed viable suspensions of E, coli 
when incubated with tryptophan in the presence of mepacrine 
(atabrine) showed a diminished rate of indole production and an 
absence of oxygen uptake over a period of 60 minutes. Dawes, Daw¬ 
son, and Happold ( 12 ), therefore, analyzed coli-mepacrine-trypto- 
phan systems after 55 minutes^ incubation by the partition chromato¬ 
graphic method of Consden, Gordon, and Martin ( 8 ). Their results 
can be summarized: 


Solvent 

(saturated with water) 

Alanine 

present 

(experiments) 

No indication 
of alanine 
(experiments) 

p-C resol. 

0 

3 

n-Butanol-bonzyl alcohol. 

. 8 

2 

. 

. 1 

1 

Serine was always absent 
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Moreover, the density of the color reaction for alanine, developed 
with ninhydrin, was consistent with the concentrations expected from 
the concurrent liberation of indole determined in the majority of ex¬ 
periments performed. These results supported the hypothesis of 
Baker and Happold though the authors reported their failure to de¬ 
tect alanine in any experiments with the free enzyme preparations. 

B. NATURE OF THE CELL-FREE ENZYME 

In the earliest preparations, Happold and Hoyle (28), 16-hour cul¬ 
tures of the organisny^ere freed from indole and media by centrifuga¬ 
tion and the deposited cells suspended in saline. Chloroform was 
added in the proportions of 1 volume of chloroform to 2 volumes of 
suspension and the mixture shaken at 200 r.p.m. in a mechanical 
shaker. A quite sterile milky emulsion resulted, which was active as 
a tryptophanase preparation. Stable preparations were prepared by 
precipitating washed cells with 66% alcohol (at 0°C.) and then wash¬ 
ing with ice-cold absolute alcohol, alcohol-ether (1:2), and ether, 
followed by desiccation in vacuo. 

In these earlier studies the pB. range for enzymic ac^tivity was be¬ 
tween pH 5.0 and 10.0 with an optimum at pH 8.5, but later work with 
free enzyme gave a lower optimum of pH 7.5. Sodium deoxycholate 
1:1000 accelerated the production of indole by freshly isolated 
strains of Escherichia coli; this was not due to any direct action on the 
enzyme since such concentrations inhibited free enzyme action. 

Dawes, Dawson, and Happold (11) and Dawes and Happold (14) have prepared 
cell-free tryptophanase by pouring washed suspensions at 0°C. into 5 volumes of 
acetone with constant stirring. The flocculated cells we^e allowed to settle and 
then filtered off in a Buchner funnel, washed successively with acetone, acetone 
and ether, and, finally, ether, and dried in a desiccator. Various extraction 
methods were tried; extraction with 1.6 M potassium chloride at 37°C. overnight 
gave optimal conditions for the preparation of the enzyme. In the former of these 
two papers the separation of the enzyme into an apoenzyme and a coenzyme frac¬ 
tion was shown. In measuring the efficiency of the extraction process the activity 
is expressed as micrograms of indole produced per milligrams dry weight of 
enzyme per 30 minutes with excess of substrate. Potassium chloride (1.6 M) ex¬ 
tracts about 80% of the activity present in the acetone-dry cells which them¬ 
selves retain 40-50% of the activity of the original suspension. 

The active dialyzate was yellowish in color and fluorescent in ultra¬ 
violet light, 0.260 Mg- riboflavin/ml. was still present in the crude 
apoenzyme and approximately 0.115 ug./ml. in the dialyzate. 
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Spectrophotometric analysis' of the dialyzate, undertaken by Dr. F. 
Bergel, showed the presence of nicotinic acid while a spectrochemical 
analysis of the apoenzyme, carried out by Mr. J. Ewles, showed the 
presence only of iron among the metallic elements and to a concentra¬ 
tion of 1.5 parts/1,000,000. In these earlier studies on coenzyme fac¬ 
tors the Leeds workers concluded that pyridoxal phosphate or ribo¬ 
flavin tested separately could not reactivate the apoenzyme; these 
showed some slight activity when tested jointly; in contrast, diphos- 
phopyridine nucleotide was markedly active and this activity was en¬ 
hanced slightly by pyridoxal phosphate, and more strongly by ribo¬ 
flavin. All three compounds together gave a 50% increase in the 
activity in the presence of nucleotide md riboflavin. Tl^e assump¬ 
tion was made that the limiting factors in the coenzyme complex were 
the ones in shortest supply and that probably all three compounds 
played a role in the enzyme comple>. These preparations absorbed 
oxygen in the presence of the substrate. 

The absence of a normal cytochrome system in Escherichia coli (37), 
coupled with the presence of iron in the apoenzyme preparation and 
the inactivation of the enzyme by iron inhibitors led to an investiga¬ 
tion of related carrier systems. Verdoperoxidase (VPO), which Agner 
(1) considered as a more or less modified cytochrome a derivative, 
was prepared and its action both on the production of indole by 
washed suspensions and by cell-free tryptophanase was studied. In 
both cases, but particularly with the cell-free enzyme, indole produc¬ 
tion was enhanced by the addition of VPO. Similar results were 
obtained with the cell-free enzyme and cytochrome c. These early 
crudeenzyme extracts performed the reaction with consumption of five 
atoms of oxygen. The authors regarded the complex as a pyridine 
nucleotide-riboflavin-modified cytochrome linked system, pyridoxal 
phosphate perhaps acting as a carrier in the concurrent transamina¬ 
tion reactions but certainly functioning as a hydrogen acceptor in 
the fission of the side chain. 

Wood, Gunsalus, and Umbreit (67) studied the mechanism of indole 
formation using enzyme preparations from acetone or vacuum-dried 
cultures of Escherichia coli, grown under conditions of aeration. 
They resolved an enzyme which they purified by ammonium sulfate 
fractionation and which required pyridoxal phosphate for its reac¬ 
tivation. This enzyme produced indole, pyruvic acid, and ammonia 
in equimolar ratio from tryptophan without any oxygen uptake; it did 
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not deaminate alanine or serine; thus neither of these compounds are 
intermediates in the tryptophanase reaction. Indole was formed 
without any oxygen uptake so that the primary fission occurred with¬ 
out direct oxidation. 

Dawes and Happold (14) also further purified their enzyme from 
the one which was activated by coenzyme I, riboflavin, and pyridoxal 
phosphate, to one only affected by the latter coenzyme. This prep¬ 
aration enabled them to confirm the findings of Wood el al,, except 
for one point, ^.e., that although their indole and pyruvate figures 
were in good molar apreement, the ammonia values were always in ex¬ 
cess of 1 molar proportions, results which suggest that, with the puri¬ 
fied enzyme system, deamination of some substrate may precede fis¬ 
sion into indole and pyruvato* If this substrate were tryptophan it¬ 
self such deamination would involve the production of indolepyruvic 
acid and, since this latter does not give rise to indole, a theoretical 
yield of indole could not be obtained, an experimentally verified fact. 

One thing is clear, all recent work points to a yCs —fission to 
give ^CH + ^CH. 

C. FURTHiai STUDIES ON MJOCHANISM 

The only known mechanism for this type of rupture is via an initial 
homolytic fission to give free radicals (> + C*, stabilized by reso¬ 
nance. Indole can be produced from tryptophan by metal catalysis 
and this mechanism provides evidence that such a type of degradation 
may occur by mechanisms involving single electron transfers. Dr. J. 
W. Baker (2) has suggested a possible elaboration of the original 
mechanism for the enzymic fission based on enzymically produced 
free radical ((/>•) initiation and with the coenzyme, pyridoxal phos¬ 
phate, acting as the hydrogen acceptor. Indirect evidence supports 
this view of the function of pyridoxal phosphate. 

Pyridoxal phosphate functions as coenzyme for amino acid decar¬ 
boxylases, bacterial transaminase (Streptococcus faecalis), tryptophan 
synthesis (Neurospora) j and tryptophanase. It has been suggested 
that the mode of action as coenzyme for transaminase is reversible 
pyridoxal-pyridoxamine conversion (56). That this interconversion 
is not the function for tyrosine decarboxylase and tryptophanase has 
been demonstrated by Umbreit, O^Kane, and Gunsalus (62) who could 
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not reactivate tyrosine apodecarboxylase and tryptophanase with 
pyridoxamine phosphate. Pyridoxamine phosphate was not active 
for the glutamic-aspartic transaminase apoenzyme from pig’s heart. 
Thus the deamination of tryptophan by pyridoxal —> pyridoxamine 
change does not appear likely and our suggested aldehyde-alcohol 
interconversion, while supported by no direct evidence, violates no 
known experimental conditions for the enzyme reaction. The 
mechanism is formulated as follows where 0 - is the enzyme radical 
initiating attack on the substrate. 


11 

I 

CII- 

-I- 0. 

Nil 



—C-CH— 
II 

/CII 


+ 011 •• • initiation 


(I) 


(I) +0- - 



+ 0II 




(II) 


> fission 


honiolysis 

(II) 


:CII— -f 


(III) + 




N- N Nil J 

(III) 


> 



Nil 


+ (II) 


propagation 


The large resonance stabilization of the radical (III) (for which only 
two of the canonical structures are depicted) would lower the energy 
necessary for the homolytic fission of the C 3 —bond. Free radical 
dehydrogenation at or a-NH 2 in the side chain would yield a- 
imino-i3-3-indolylpropionic acid, the precursor of indole and pyruvic 
acid fission, observed with the purified enzyme system: 
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NH 2 

C—CH2—CH—CO2H 


+ 0* 


•IjiH 

-C—CH2-CH-CO2H 

Jl <t>ll 

/Oil 

Nil 



NH 

II 

C-CH2-C-CO2H 

Ih 

NH 


RCIIOII 


which might then undergo fission to indole by the mechanism for¬ 
mulated above (dehydrogenation at C^) or, alternatively, undergo 
hydrolysis to ammonia and indolepyruvic acid which resists further 
breakdown. A combination of these reactions would explain the 
finding of ammonia in excess of indole and pyruvic acid by Dawes and 
Happold while the absence of any alkaline hydrolysis of the imino 
acid would explain those of Wood, Gunsalus, and Umbreit. The ala¬ 
nine formation which Dawes, Dawson, and Happold found in their 
mepacrine-inhibited system might well have come from the amination 
of the pyruvate formed by the tryptophanase in the whole cells used 
at that stage of the investigation. 

Another possible mechanism for the first step has been indicated by 
Professor M. G. Evans who drew attention to the close analogy be¬ 
tween the oxidation of hydroquinones to the semiquinone by the 
scheme: 


QH2-> QII- + QH- + O2-► O2- + QH 


and the postulated oxidation which might take the form: 


—C—CH- 


V 

NH 


;h 


/CH 

NH 


CH-' 

+ 

H 


—c-iii- 


O 2 + 

NH 


(semiquinone 
type stabil¬ 
ized by 
resonance; 


In this case an activation energy of '^18-20 kcal. would be ex¬ 
pected and possibly the oxidation might be effected, in vitro, by che¬ 
lated metal* complexes. This has recently been achieved with copper 
and cobalt compounds as indicated later. 
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III. Preparation and Properties of the Cell-Free Enzyme 

Wood, Gunsalus, and Umbreit ( 67 ) and J'>awes and Happold ( 14 ) use very 
similar techniques for the preparation of tryptophanase from acetone-dried cells 
though the latter extract with a half-saturat(*<l solution of potassium chloride in¬ 
stead of water, both then apply fractional precipitation with ammonium sulfate 
followed by adsorption onto calcium phosphate or alumina and subsequent elu¬ 
tion. The Wood, Gunsalus, and Umbreit technique can be summarized as fol¬ 
lows: 


Half saturation with (N 114)2804 at pH 8.5 in the cold 


i 


Precipitate 

discarded 


r 


Supernatant 

discarded 


i 


Slight precipitate 
discarded 


I 

Precipitate = enzyme 


I 

Supernatant 

] Saturate with ('NH4)2S04 in 
I presence of M X 10“^ NaCN 

. i 

Precipitate 

I Uedissolved and reprecipitated 
I with (N 114)2804 to 55 % satura- 
I tion in the cold 

1 

Supernatant 

I Precipitated with (NH4)2S04 
I to 68% 

i 

Supernatant discarded 


The enzyme is adsorbed on to calcium phosphate gel and eluted with 1 M phos¬ 
phate buffer at pH 6 . 0 . This enzyme and that of Dawes and Happold are both 
free from alanine and serine deaminases. The latter achieve a 60 -fold increase in 
activity in the concentration and purification processes though purified prepara¬ 
tions are less stable than the first crude preparations. 


A. MICHAELI 8 CONSTANT 

Wood et al. report a Michaelis constant Km = 2.5 X 10~^ mole per 
liter (our calculations on their figures Km = 1-7 X In the 

preparation of Dawes and Happold, Km = 4.1 X 10mole per liter. 

The coenzyme saturation curve of barium pyridoxal phosphate 
(Wood et al.) gave Km = 2.1 X 10~® mole per liter which they point 
out means that the pyridoxal phosphate complex approximates to 
that of the glutamic-aspartic transaminase (48), Km = 1.5 X 10“®, 
and is higher than that of the tyrosine decarboxylase Km = 1.56 X 
10 ”®; the former are run at neutral reactions but the latter at an acid 
reaction. 
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B. P:FFECT of pH 

The enzyme is inactive at a less than 5. Activity increases 
rapidly and is at an optimum at pH 7.5; at pH 10 it has approx¬ 
imately half the optimum activity. 

C. EFFECT OF ENZYME CONCENTRATION 

At low enzyme concentrations (20-50 units of activity), a linear 
relationship exists between enzyme concentration and the velocity of 
the reaction. 

D. HEAT OF ACTIvftlON OF TRYPTOPHAN —> INDOLE REACTION 
IN PRESENCE OF TRYPTOPIIANASE 

Happold and Morrison (30^ first carried out a number of prelim¬ 
inary experiments at temperatures varying between 22° and 42 °C. at 
pH 7.0. At 42° the rate of production was less than at 37 °C. which 
suggests breakdown of the enzyme. With an improved technique 
and a more active preparation the following results were obtained at 

TABLE I 

Effect of Temperature on Indole Production 


Time, 

min. 


Conocatration of indole in mK- 

(te mporatiiro, 

®C.) 

0 ® 

14.5® 

27® 

37° 

5 

— 

— 

7.0 

25.0 

10 

— 

3 7 

15 3 

27 0 

15 


... 

24 5 

28 6 

20 

__ 

6 4 

— 

30.8 

25 


— 

25.4 


30 

2 .0l 
2 2 

1 12 8 

26.0 

— 

40 


16 0 

— 


50 

— 

17 0 

— 


60 

4,4l 

1 17 0 

1 



90 

150 

180 

240 

i‘l 

8.51 

10.01 

11 ,0^ 
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temperatures of 0°, 14.5^ 27°, and 37°C. All the results were 
obtained within the space of one hour. There is a maximum possible 
error of 3-4% in the indole determinations. 



Fig. 1. Determination of heat of activation of tryptophan breakdown. 

The abstracted rates (see P'ig. 1), d{\ndo\e)/dt in /ug./minute, were 
as follows: 

273®A. = 0.07; 287.5°A. = 0.41; 300°A. = 1.60; 310°A. = 5.00 
(this latter depends on one determination of indole) 

Now: 

In A; = X ^ + 4 

where k is the initial reaction velocity, 4 is a constant, and E is the 
heat of activation. Therefore, if logic k is plotted against l/T the 
slope m has the relation: 
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2.303m = -EjR 


From the graph of log h against l/r.* 


therefore: 


m * -2.02/0.0005 - -4040 


E = 4040 X 1.986 X 2.303 = 18,200 cal./g. mole 

IV. Metal Catalysis of Indole Production 

Since Baker and Happold (3) had postulated a reductive fission as 
the basis for the eni^hiic production of indole, Dawes and Happold 
(13) sought to discover whether It was possible to carry out this reac¬ 
tion chemically by hydrogenation. Mozingo, Wolf, Harris, and Folk- 
ers (44) have used this technicjlie extensively for the hydrogenolysis of 
aliphatic and aromatic sulfides and disulfides and they have extended 
the reaction to sulfones and sulfoxides. When Raney nickel is added 
to L-tryptophan, dissolved in absolute alcohol with just sufficient 
hydrochloric acid to bring about solution, and the whole refluxed for 
two hours and the nickel subsequently removed, indole is produced 
(but alanine could not be detected by partition chromatography). 
Herzfeld (33), as stated, obtained a 60% yield of indole from tryp¬ 
tophan in the presence of copper sulfate and 9% (w/v) sodium 
hydroxide. Baker, Dawes, and Happold (2) have verified these re¬ 
sults, studied the rate of the reaction, and extended the investigations 
to other transition metals. Some slight indole production occurs 
without the addition of any metal catalysts since traces of active 
metals are removed from the distillation flasks by the boiling alkali 
and these cause indole formation to occur. This soon reaches a 
steady rate which can be further increased by the addition of copper 
and cobalt salts at concentrations as low as 5 X 10“® but not by salts 
of iron, manganese, nickel, chromium, tin, and cerium. Dawes and 
Happold (15) have shown that the products of this reaction are, as 
with the tryptophanase system, indole, pyruvic acid, and ammonia, 
and that, moreover, as occurs with their enzyme preparations, the 
rate of ammonia liberation is more rapid than the rate of indole pro¬ 
duction. The copper and cobalt salts also catalyze the formation of 
indole from /3-indolyl-3-ethylamine and indolyl-3-glycine and differ 
in this from the enzyme system. The copper catalysis is more than 
twice as effective as cobalt in causing indole formation from the /3- 
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indolyl-3-ethylamine; both are equally effective with tryptophan. 
Analogy with the catalytic effects of these metals in other chemical 
reactions suggests a single electron transfer mechanism although the 
presence of free radicals could not be detected by the use of methyl 
methacrylate monomer or luminol (o-aminophthalic cyclic hydrazide). 

TABLE II 

Pkoducts of Copper ano Cobalt Catalytic Decomimisition of Tryptophan 

AND /^-InDOLYL-3-FTHVL \MINE 


Prodiu-t8 per 10-min. 
sample distillate 


Substrate 

Catal.v.t 

Indole, 

jumole 

NHa. 

A* mole 

Tryptophan.... 


f Cu 

0 11 

0 34 



1 c.. 

0 11 

0 34 

^-iiKlolyl-3-(‘t h ylamiia' 


f Vn 

0 35 

0 68 




0 10 

0.43 


V. Inhibitors 

Early attention was given by Evans, Handley, and Happold (20) to 
the effect of inhibitors of enzyme reactions upon tryptophanase, 
particularly in a search for the reasons for the nonproduction of the 
enzyme in glucose bouillon cultures. The washed cell technique was 
used. Sodium fluoride, 2 71/ X 10and sodium iodoacetate 3 M X 
10 “^ did not inhibit. 

The growth-inhibiting effect of mcpacrinc upon Escherichia coli 
(54) is known to be antagonized by riboflavin (43). Dawson (16) 
showed that mepacrine hydrochloride (0.1% w/v) also inhibited 
tryptophanase activity of washed viable colls and that added ribo¬ 
flavin reduced the inhibitory effect. The mepacrine effect was not 
permanent but extended over a period of an hour (approximately). 
Flavoprotein thus appeared to be a likely part of the enzyme complex. 
Benzamide 10“^ M produced a 50% inhibition of indole formation and 
this could be nullified by the addition of nicotinic acid (11). This 
was taken to imply the probable participation of a pyridine nucleotide 
in the complex. In this later communication and that of Dawes and 
Happold (14), cell-free enzyme preparations were used and compared 
with the results obtained with the washed cells, differences occurred 
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especially with the carbonyl reagents, hydrazine, hydroxylamine, and 
semicarbazide and the aldehyde reagent, dimedon. Thus, dimedon, 
added in alcoholic solution, inhibited the cell-free enzyme but was 
without effect on the viable cells. Hydrazine and hydroxylamine in¬ 
hibited the cell-free enzyme completely at 10 M but were not quite 
so effective with the viable cell. Semicarbazide inhibited, but much 
less actively than the other two carbonyl reagents and was again less 
effective with the viable cell preparation than with the free enzyme. 
It is possible that these reagents react preferentially with some unre¬ 
lated product of in^gfmediary metabolism of the cell where washed 
cells are used, rather than with the coenzyme. In contrast, benz- 
amide and mepacrine are without effect on the cell-free enzyme. 
These results were supporting evidence for the possible importance of 
pyridoxal phosphate in the tryptophanase complex. Pyridoxal phos¬ 
phate had already been identified by Bellamy, Umbreit, and Gunsalus 
(5) as the prosthetic group of the amino acid decarboxylases and of 
transaminase (40). 

Potassium cyanide inhibited completely at 2 X 10“^ ilf and to 80% 
at 4 X 10"® Mj both with cells and free enzyme, presumably by cyan- 
hydrin formation with the pyridoxal phosphate. Sodium azide in¬ 
hibited to 50% (10"^ M) and but slightly at 10"® M] British anti¬ 
lewisite inhibited in concentrations from 10"^ M to 10~® M. Some 
inhibition, using washed cells, occurs with carbon monoxide (20- 
25%) and with hydrogen sulfide (30%), the latter effect was revers¬ 
ible; with the free enzyme the inhibition was more marked and was 
irreversible with the hydrogen sulfide. These results suggested the 
possible participation of an iron or some other metal-catalyzing sys¬ 
tem within the complex. Sodium malonate (10"® M) and sulfanil¬ 
amide (2 X 10"^ M) were without action and Dr. E. A. Dawes has 
also shown that fluoroacetate is without effect on the cell-free enzyme. 

EFFECT OF VARIOUS CATIONS • 

The effect of various cations on the activity of cell-free tryptophan¬ 
ase (dialyzates from the potassium chloride extracts of acetone-dried 
cells) has been compared with their effect upon washed viable suspen¬ 
sions. The agreement between the two sets of results has been ex¬ 
cellent. Comparisons of the inhibiting power with the precipitating 
power of certain of the heavier metals suggests that some of these salts 
might be used in the further precipitation of the apoenzyme. An 
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abbreviated summary ol results obtained with the cell-free enzyme is 
appended. 

NaCl and KCl: 60, 40, 20% and no inhibition at 2, 1, 0.2, and 0.1 molar concen¬ 
trations, respectively 

CaCk: complete inhibition at 2 X 10“^ M and 42% at 2 X 10"* A/ 

FeCh: complete inhibition at 2 X 10“‘ M; 10% and no inhibition at 2 X 10"* 
and 4 X 10"^ Af, respectively 

CuSOa: complete inhibition at 2 X 10-> AT ; 92, 76, 56% and no inhibition at 4 X 
10 "^, 10 "3, 10"^, and 10 Af, respectively 
HgCk: complete inhibition at 2 X 10 •* A/; 95 and 20% inhibition at 10' '^ and 
10"® A/, resp(‘ctively 

VI. Indole and the Synthesis of Tryptophan 

Happold and Hoyle (29) in their early studies demonstrated the 
utilization of indole by cultures of Escherichia call and suggested its 
use by the organism in tryptophan synthesis. The synthesis of 
tryptophan from indole and serine is now well established and has 
been well covered in the literature. The suggested pathway appears 
to be: 

-f unknown . L-serine 

anthranilic acid-► indole-► tryptophan 

our knowledge derives from the work of Fildes (22,23), Snell (55), 
Tatum and Bonner (61), and Tatum, Bonner, and Beadle (60). 

Fildes (22) using indoleacrylate as a stereoinhibitor of tryptophan 
synthesis in the last stage of the above reaction showed that E. coli 
and a nonexacting strain of Eberihella typhosa synthesized anthra¬ 
nilic acid as well as the above subsequent intermediates of tryptophan 
synthesis, but a tryptophan-exacting strain of B. typhosum required 
indole present in the basal medium. 

Indoleacrylate inhibited tryptophan synthesis and hence growth of 
the latter organism upon a basal medium + indole, while the two 
former nonexacting bacteria produced indole (but not from tryp¬ 
tophan). 

Fildes and Rydon (24) tested various methyl derivatives of indole 
and tryptophan in like manner as inhibitors of tryptophan and protein 
synthesis by E, typhosa. The methylindoles appear to function by 
competing for the enzyme system which effects the condensation of 
indole and serine and the order of the inhibitory effect is 4-Me > 6- 
Me > 7-Me > 5-Me, 1-, 2-, and 3-Me indoles have no effect. With 
the inhibition of protein synthesis above the tryptophan stage the 
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order of effect is 4-Me > 5-Me > 6 -Me > 7-Me tryptophan and these 
findings have led them to postulate an explanation of the effect in 
terms of electronics. 

Since 1-, 2 -, and 3-Me indoles are inert it suggests that combination 
of indole with the enzyme involves, most closely, the pyrrole ring and 
any substitution in this prevents combination for stereochemical 
reasons. Substitution in the benzene ring does not prevent com¬ 
bination but affects reactivity toward the enzyme; the alternating 
effect observed of the inhibitory capacities of such derivatives sug¬ 
gests a polar effect, ^idole is a resonance hybrid: 



The methyl group is electron repelling and the resultant of its induc- 
tomeric and tautomeric effects is dependent on the position which it 
occupies in the benzene ring; it can result in an increased portion of A 
or B in the resonance hybrid. Thus the 4-Me derivative results in a 
localization of electrons on C 9 and this negative charge would oppose 
localization on adjacent Cs, thus suppressing the tendency A B. 
Conversely the 5-Me derivative leads to a localization on Cs, thus 
facilitating A —^ B: 


IlaC 



C-H 




favors A 



-II 


favors B 


Similarly 6 -Me favors structure A and 7-Me structure B. Thus 
those compounds which exerted the greatest inhibitory effect have a 
preponderance of A in their hybrid, in which form it was deduced that 
enzyme-substrate combination was most favored. Developing Paul- 
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ing’s concept of the hydrogen bond in biology it was considered that 
only the =NH group of the indole nucleus is likely to enter into hydro¬ 
gen bonding. A can form two such bonds, B can form only one: 


II H 


\ 


X 

L. 


euzyme- 



I 

II 
X 


enzyme 


They conclude that the combination of indole with the enzyme in¬ 
volves attachment by two hydrogen bonds to two side chains of the 
enzyme molecule. 

The inhibitory action of the methyltryptophans in the further uti¬ 
lization of tryptophan for protein synthesis follows a different order: 
4-Me > 5-Me > 6-Me > 7-Me and from this they consider that at¬ 
tachment is not by double bonding on the —NH group, but presum¬ 
ably concerns the —CIiNH2CO()H group of the side chain. Since 
this is remote from the benzene ring and unconnected by a conjugated 
system, the effect of polar substituents in the benzene i-ing would fall 
off simply with the distance of the substituent from the CHNH2- 
COOH group. They claim that this is consistent with the experi¬ 
mental results. This explanation has been criticized by Dawes (10) 
since they do not take into consideration the tautomeric effect within 
the indole nucleus which would operate in exactly similar manner to 
the methylindoles resulting in increased electron density on carbon 
atom 3(B) or on carbon atom 9(A), so that the inductomeric effect on 
the side chain influenced by the position of the substituent would then 
follow 4-Me > 6-Me> 7-Me > 5-Me and not 4-Me > 5-Me> 6-Me > 
7-Me as they report. It is difficult to appreciate what effect on the 
substrate-enzyme combination this inductomeric effect would have. 


We have 


e 

-C- 


/COOH 


-CH2—ch: 


\nHj 

saturated side chain would soon be damped out 


and electron repulsion along this 
The only possibility 


O 


appears to be facilitation of —which with a negative charge on 
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the oxygen atom might help substrate-enzyme combination by virtue 
of increased van der Waals’ forces. Moreover, 3-methylindole is 
without inhibitory effect though a methyl group in position 3 would 
by its electron repulsion favor stmcture A in the resonance hybrid and 
hence by their reasoning exert an inhibitory effect. 

They also quote results by Herbert (31) on the efficiency of these 
methyltryptophans as substrates for tryptophanase and suggest dou¬ 
ble bonding on the of the indole nucleus. This receives sup¬ 

port in part from Baker, Happold, and Walker (4) who showed that 
substitution of the H group renders the compound inert to tryp¬ 
tophanase but it (!9bs not account for the other facts established by 
Baker and Happold, i.e.^ that substrate enzyme attachment cannot 
occur unless the a-amino and carboxyl groups are intact and unsub¬ 
stituted. • 

VII. Inhibition of Indole Production in Culture by 
Fermentable Carbohydrate 

The failure by indole-forming strains to produ(;e indole when glu¬ 
cose was added to an indole-forming medium has long been noted 
(Fischer, 25). 

Neisser (46) and Frieber (26) (confirmed these findings with E, coli 
communis and the latter st udied the effect with sucrose, lactose, fruc¬ 
tose, maltose, and mannitol. Maltose, mannitol, and fructose only 
delayed indole production and'Frieber claimed the production from 
them of indoleacetic acid in, for example, 24-hour cultures and the 
formation of indole from this acid after 48 hours. 

Evans, Handley, and Happold (20) showed that complete inhibi¬ 
tion of indole production and acid formation occurred with arabinose, 
lactose, and potassium n-gluconate as well as with glucose, fructose, 
and mannitol, but that acid production without marked inhibition of 
indole production occurred with D-ribose, rhamnose, glucosamine, 
hydrochloride, xylose, sorbitol, galactose, and mannose. A common 
structural clue to this difference in action was not apparent but it con¬ 
firmed the view of Happold and Hoyle (29) that the failure of indole 
production could neither be ascribed to acid formation nor to the re¬ 
moval from the medium of a coenzyme factor essential to the trypto¬ 
phanase complex by the glycolytic system. Polysaccharides and non- 
fermentable sugars were without influence upon indole formation. 

Both Frieber and Neisser suggested that the decomposition of 
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tryptophan to indoleacetic acid in the presence of glucose was in con¬ 
formity with their views on indole formation since the glucose pro¬ 
vided more readily assimilable carbon than does indoleacetic acid. 
Thus in the presence of the carbohydrate the reaction was halted at 
this point and indole was produced only after the utilization of the 
sugar. The evidence for indoleacetic acid formation depended upon a 
Salkowski positive and Ehrlich negative reaction, flimsy evidence on 
which to support any theory. The failure of Woods (65) and of 
Happold and Hoyle (28) to produce indole from indoleacetic acid in 
cultures of Escherichia coli and the reported failure of the latter work¬ 
ers to discover indoleacetic acid in glucose bouillon cultures of normal 
strains of E. coli refuted this theory. 

Happold and Hoyle (29) studied the reasons for the failure of E. 
coli to produce indole in glucose bouillon culture; neither indole 
formation nor tryptophan loss occurred until all the glucose had been 
utilized but concurrent with the dis.i,ppearance of the sugar from the 
media indole formation and tryptophan utilization commenced; 
neither indolepropionic nor indoleacetic acids appeared in the culture 
medium. In the synthetic medium small amounts of indole were pro¬ 
duced in the presence of glucose, a contrasting result which will be re¬ 
ferred to again. Attempts to obtain a ‘dryptophanase” preparation 
from the cells grown on glucose bouillon agar or glucose casein digest 
agar were entirely unsuccessful. Tryptophanase activity was neither 
inhibited nor depressed when the enzyme acted upon its substrate in 
the presence of filtrates from glucose bouillon cultures obtained at 
different stages in the fermentation process. The authors concluded 
that the failure of the organism to produce indole under such cultural 
conditions was due to its inability to produce the enzyme complex. 
Happold and Hoyle also found small amounts of tryptophanase when 
the organism was grown in the synthetic medium free from all traces 
of indole, a finding which Evans, Handley, and Happold (19) were 
unable to repeat with the ‘"Jebbs” strain which later became their 
test organism. 

In their early studies, Happold and Hoyle had suggested that 
tryptophanase was ''an adaptive enzyme.” Fildes (21) suggested 
that it occurred in the cells both as an "adaptive” and "constitutive” 
part and that it was the adaptive part of the enzyme complex which 
was not produced in the presence of glucose. He stated that suspen¬ 
sions of Escherichia coli were always capable of catalyzing the oxida- 
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tion of tryptophan to indole even when grown in the absence of tryp¬ 
tophan or in the presence of glucose. Evans, Handley, and Happold 
(19) in their re-examination of the position confirmed Fildes’ results 
but showed that they were caused by the adaptation of the viable cells 
to tryptophan and the consequent production of the tryptophanase 
complex. Thus suspensions of viable cells grown on glucose bouillon 
agar, when washed free from all traces of media and subsequently in¬ 
cubated with tryptophan in phosphate buffer pH 7.5 at 37 °C. never 
produced a trace of indole during periods varying between 45 minutes 
to 2 hours after the Edition of the tryptophan, whereas, suspensions 
of viable cells grown in the presence of tryptophan and absence of 
glucose and tested in equal cell concentrations had reached their 
optimum of indole production (87-97% theoretical) in the same 
period of time. Moreover, the indole production from the glucose- 
grown cells was autocatalytic in form—a lag phase, a phase of positive 
acceleration, and a logarithmic phase of production—whereas the 
normal cells showed activity curves similar in every respect to an 
enzyme activity curve. This autocatalytic production of indole in 
the presence of tryptophan by die glucose-grown cells could be ex¬ 
plained if the lag period corresponded with a phase of carbohydrate 
metabolism by the viable cells during which period stored polysac¬ 
charide was reduced to a lower level. This explanation was strength¬ 
ened by the observation that when toluene was added to glucose- 
grown suspensions (in concentrations which caused little inhibition of 
tryptophanase activity but which completely inhibited glucolysis), 
such addition caused complete inhibition of indole production for 
periods of up to 18 hours. Moreover, the nondisappearance of tryp¬ 
tophan from a culture medium when Escherichia coli was grown at 
37 ®C. for 23 hours in the presence of glucose, tryptophan, and seven 
other amino acids, i.e., w^hen tryptophanase was not formed, was 
most clearly demonstrated. An improved method for the analysis of 
tryptophan (41) was used. If the tryptophan w^as being oxidized 
even partially by a constitutive tryptophanase some diminution of 
tryptophan content should occur. 

These authors withdrew the earlier suggestion of Happold and 
Hoyle that tryptophanase could be produced in media which was free 
from tryptophan but it has to be observed that they were using a 
different strain of E. coli. 

There remained the fact, however, that both Fildes and the Leeds 
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workers had found some slight indole formation in certain synthetic 
media which contained glucose and tryptophan and clearly this could 
only mean that some tryptophanase was being formed whereas with 
glucose bouillon and glucose casein digest and a glucose amino acid 
medium, neither indole nor tryptophanase was produced. These 
differences could only be due to the peculiarities of the constitution of 
the medium and appeared to be related to the amino acids present. 

SPECIFIC INHIBITION OF INDOLE PRODUCTION BY ESCHKRICHIA 
COLf IN PRESENCE OF PHENYLALANINE OR TYROSJNE AND 
GLUCOSE IN SIMPLE MEDIA 

It was observed that complete inhibition of indole formation in 
Fildes^ medium plus glucose and tryptophan could be effected by the 
addition of a gelatin solution to 3%, that a mixture of amino acids 
representing those obtained from a hydrolysis of the gelatin caused 
the same effect, and that, if each of tlje amino acids were now tested 
separately in concentrations of 0.01%, phenylalanine (and later 
tyrosine) completely inhibited indole production. Increased addi¬ 
tions of the remaining ineffective amino acids up to 0.2% were in¬ 
capable of causing complete inhibition of indole production by 
Escherichia coli from tryptophan in the presence of glucose. This 
apparent protection of tryptophan by phenylalanine or tyrosine in the 
presence of glucose, this sparing of tryptophan metabolism by these 
two amino acids alone and glucose (serine and threonine were among 
those not tested) was the more interesting since they are both cyclic 
amino acids containing an alanine side chain and since Baker and 
Happold had shown that the integrity of the alanine group attached to 
the heterocyclic indole ring was essential to indole formation by sus¬ 
pensions of E. coli. 

Numerous experiments were next carried out to determine the con¬ 
centrations of phenylalanine and tyrosine necessary to complete the 
inhibition of indole production by glucose in Fildes^ medium. The 
following relationships hold: 

0.001% r^tryptophan = 0.001-0.002% L-tyrosine 

= 0.003-0.004% DL-phenylalanine 
0.002% L-tryptophan = 0.003-0.004% li-tyrosine 

= 0.005-0.006% Di^phenylalanine 
0.003% L-tryptophan = 0.004-0.005% L-tyrosine 
— 0.007% DL-phenvlalanine 



78 


FRANK C. HAPPOLD 


There was evidence here of a stoichiometric relationship with a 
suggestion that the d isomer was probably ineffective. It need only 
be added that preformed tryptophanase produced almost theoretical 
yields of indole from tryptophan in the presence of both phenylalanine 
and tyrosine; as far as could be ascertained the phenylalanine- 
tyrosine effect was restricted to the growing cell. 

The problem seemed to resolve itself into two interrelated ques¬ 
tions: (a) the actual mechanism of the glucose inhibition, and (6) the 
part played by the specific amino acids. 

The claims of Wiystatter (64) that glucose added to a suspension of 
yeast cells disappeared from solution concurrent with the synthesis of 
polysaccharide in the cell, followed by a lag of about 10 minutes before 
actual fermentation began, and by Pulver and Verzar (49) that the 
first phase was associated with an absorption of K'*' from the medium 
while during active fermentation K+ was released from the cells into 
the surrounding medium, suggested to the Leeds workers (19) that the 
lag in tryptophanase production was dependent upon the depression 
of glycogenolysis (using this term to denote enzymic degradation of 
polysaccharide) to a low level, /.c., above a certain threshold of intra¬ 
cellular activity, tryptophanase production would not occur. 

It was shown that when cells were grown in glucose bouillon agar 
for 18 hours, washed off with sterile water, and then suspended in 
phosphate buffer containing tryptophan with varying concentrations 
of K"^ and Na"^, in the absence of added ions, an increased lag in 
indole production occurred. When K+ was increased, the lag de¬ 
creased. These results were taken to indicate that breakdown of re¬ 
serve carbohydrate preceded the reactivation of the tryptophanase 
system. Moreover, results with known inhibitors of glycolysis 
strengthened this view. The secondary stages of oxidation in the 
glycolytic system were apparently without effect on tryptophanase 
formation within the cell but a block in the primary oxidation process, 
the reaction 1,3-glyceraldehyde diphosphate (triose phosphate) 1,- 
3-diphosphoglycerate, delayed or prevented recovery of tryptophanase 
activity by cells grown in glucose casein digest medium. This was 
the more striking since M/33 sodium iodoacetate, which inhibits 
the triosphosphate phosphoglycerate reaction, was without effect 
upon preformed tryptophanase. 

Since glycolysis of glycogen in muscle extracts is inhibited by 
glucose and freshly prepared glyceraldehyde (45), the action of the 



TRYPTOPHANASE-TRYPTOPHAN REACTION 


79 


latter on this phenomenon of tryptophanase regeneration was also 
tested. Glyceraldehyde extended the lag in tryptophanase regener¬ 
ation ; moreover, concentrations of glyceraldehyde which were with¬ 
out effect upon the growth rate of Escherichia coli in bouillon culture 
inhibited indole formation in such cultures. 

Glyceraldehyde also exerted a direct inhibitory action upon pre¬ 
formed tryptophanase. Presuming that the added glyceraldehyde 
after phosphorylation was also oxidized by the phosphoglyceraldehyde 
oxidase to the phosphoglycerate, these results suggested an inter¬ 
relationship between the tryptophanase formation and the completion 
of this primary oxidation process. Thus it is clear that the formation 
of tryptophanase is linked with the glycolytic system of the cells. 
Because of this relationship attention was now directed toward the 
polysaccharide content of the cells. Dawson and Happold (17) in¬ 
vestigated the carbohydrate amino acid relations concerned in the 
inhibition of indole production by glucose in cultures of E, coli. The 
polysaccharide content of the cells was determined by the method of 
Sahyun (51). The dl amino acids increased the polysaccharide con¬ 
tent of the cells when the Jebbs strain of E. coli was grown for 18 
hours on a medium containing cystine, glycine, valine, glutamic acid, 
glucose, and tryptophan both with and without the addition of 0.01% 
L- or DL-phenylalanine or of l- or DL-tyrosine to saturation. The 
l( —) form was without effect. The polysaccharide content per milli¬ 
gram of dry bacterial weight dropped progressively with the com¬ 
mencement and intensification of indole formation when the tryp¬ 
tophan content of the medium was increased beyond the point when 
indole formation occurred. Moreover, when mannose replaced 
glucose in cultures, indole was consistently produced and the poly¬ 
saccharide content of the cells remained as low or lower than with 
glucose in the absence of the phenylalanine and similar to values 
obtained from cells grown in casein digest media in the absence of 
carbohydrate. These and other results led the authors to assume the 
proof of the hypothesis that tryptophanase occurred in the cell when 
the rate of metabolism of previously stored polysaccharide fell below 
a certain threshold. 

The interpretation of these results was fallacious in its simplicity 
since it was the d form which effected the increase in Sahynn esti¬ 
mated polysaccharide but the l form which completed the glucose 
inhibition of indole as shown by Ellison (18) (working under the 
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direction of the author). Moreover, Ellison and Happold showed 
that in a glucose amino acid medium which contained L-tryptophan 
0.003% and L-phenylalanine 0.001%, the latter began to disappear in 
from 10-12 hours. The concentration of the latter had dropped to 
0.0052 and 0.0057 milligram per cent in two experiments after 30 
hours^ culture and at a point in time just prior to the onset of indole 
production. If we turn to the relationship previously reported, the 
inhibition of indole production at 24 hours from 0.003% tryptophan 
in the presence of glucose was completed by 0.004-0.005% L-tyrosine 
and 0.007% DL-phenylalanine. The agreement is satisfactory. It is 
known that for this inhibition to occur the L-phenylalanine must be 
present over the period of cell division and growth, and that the 
dialyzable coenzyme system of the tryptophanase complex is present 
in the cells and in the surrounding medium; thus the inhibition is 
most likely due to the nonformation of the apoenzyme under these 
conditions of growth. The technique previously used for the isola¬ 
tion of the free enzyme was applied to the glucose-phenylalanine in¬ 
hibited cells and the resulting protein fractions examined and con¬ 
trasted with the tryptophanase-containing fractions from casein digest 
media by the two-dimensional paper chromatographic method of 
Consden, Gordon, and Martin (8). The protein fractions were 
hydrolyzed and phenol and collidine used in turn as solvents. Cys¬ 
tine, serine, and tyrosine appeared as amino acids in both hydrolyzates 
but glycine, tryptophan, and perhaps histidine occurred also in the 
tryptophanase-containing fractions. In other words, the phenyl¬ 
alanine-glucose inhibition of tryptophan uptake and tryptophanase 
formation prevented the occurrence of glycine and tryptophan in 
these protein fractions. It looks as though—no tryptophan in the 
complex, no indole in the culture—a reasonable assumption, but why 
glucose, L-phenylalanine, or L-tyrosine are associated in this inhibition 
remains a fascinating mystery. 

In the same studies there was evidence of slight metabolism of d- 
phenylalanine by the cells when this isomer was used, but as pre¬ 
viously stated, its effect on the glucose inhibition of indole formation is 
very slight or negligible. 

Holdsworth (35) examined the polysaccharide storage of Coryne- 
bacterium diphtheriae and, on the suggestion of Dr. H. J. Rogers, com¬ 
pared the Sahyun method with a method depending on the acid 
hydrolysis of washed cell suspensions followed by the determination 
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of the reducing sugars by the method of Somogyi. The Sahyun 
method gave relatively low figures. When Dagley and Dawes (9) re¬ 
examined the effect of the n-phenylalanine on the polysaccharide 
storage of Escherichia coli and made similar comparisons, they found: 
(a) a wide variation in the stored polysaccharide content for different 
strains grown under identical conditions, though each strain gave 
results which were individually reproducible; and {b) the increased 
storage of polysaccharide observed when the cc^lls were grown in the 
presence of D-phenylalanine and the polysaccharide estimated by the 
Sahyun method was not confirmed by the modified Somogyi method. 
It seems essential that further attention should be given to the nature 
of the reducing substance responsible for these differences in value. 
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La biochimie des phosphatases est Tun des chapitres de Tenzymologie dont le 
developpement au cours des dernieres annees a 6t6 le plus important. Elle est, 
par ailleurs, encore en pleine evolution. Aussi n^est-il pas possible de presenter 
ici sur le mieux etudie de ces enzymes, la phosphatase alcaline, un expose complet 
de nos connaissances. Pareil expose trouverait mieux sa place dans un Traite 
et il a paru plus conforme 4 Tesprit des Advances de donner ^ notre revue un 
caractere critique. Nous Tavons limitee k certains aspects de la biochimie de la 
phosphatase alcaline, sans chercher k exposer la totalite des resultats obtenus 
sur ceux-ci, ni meme k citer Tensemble des travaux publies, car leur nombre est 
considerable. 

Le but de cet article est de presenter une etude de la biochimie de la phosphatase 
alcaline, non sur le plan didactique, mais en accordant une place plus grande 
aux probiemes en cours d’evolution et en laissant deiiberement de c6te certains 
autres. Les techniques d’etude de Tenzyme ont, ^ I’exception des plus recentes, 
ete decrites dans un ouvrage dont Tinteret ne s'est pas dementi (20); il n’y avait 
done pas lieu d’en reprendre la description. Quant k la chimie physiologique et 
pathologique de la phosphatase alcaline, k laquelle d'autres revues (47,65,80, 
102c, 131) ont ete consacrees, il n’y avait pas interet k la resumer sous un trop 
faible volume; aussi n'a-t-elle pas ete comprise dans le cadre de cet article. 
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I. Introduction Generale 

A. EXISTENCE JJE pH OPTIMA MULTIPLES DES ACTIONS 
PHOSPIIATASIQUES. SIGNIFICATION 

Tous les enzymes sont caract4ris6s par un pH optimum d^act.on 
dont la valeur pent presenter des differences sensibles d’une prepa¬ 
ration k Eautre. Celles-ci sont liees k Eexistence d^effecteurs naturels, 
sou vent de cations ou de produits dc proteolyse, et la purification 
de Eenzyme les fait disparaitre, parfois en modifiant le pH optimum 
d^action des produits bruts. Tel est, cn particulier, le cas de la lipase 
pancreatique (147,1^9), d'esterases vegetales (148), de la gluco- 
sulfatase (48). On n’a pas decrit jusqu^ici d^enzyme presentant 
plusieurs pH optima; or il est depuis longtemps etabli que les extraits 
de nombreux organes animaiix ou vegetaux sont susceptibles de 
liberer de Eacide orthophosphorique k deux ou trois pH optima k 
partir de substrats divers (22,28a,82). 

Ce caract^ro parti(;ulier des phosphatases n^est pas propre aux phosphomono- 
est^rases; oll(‘s le partagent avec les enzymes hydrolysant les acides polyphos- 
phoriques, pyrophosphoii(iue, et adeuylpyrophosphorique. * II a tout d'abord 
paru \i6. ^ la nature des substrats et Ton a pens6 que la multiplicity des degrAs 
d’ionisation de ceux-ci expliquait celle des pll optima d'un m6me enzyme. On 
peut en efTid envisager que I'aflirity de celui-ci pour le substrat, affinity dont 
les variations en fonetion du pH .sont bien connues, passe par plusieurs maxima 
correspondant ehaeun ^ une combinaison partieulihre, dont la formation exigerait 
un degry d’ionisation diffyrent de Tun et de Vautre de ses constituants. Le fait 
que les dyrivAs phosphoriquen ne renfermant qu’une seule fonetion acide sont en 
gynyral dycomposys il un pH optimum unique dans un extrait d’organe dyfini 
a yty tout d’abord considyi-y eoinme favorable ^ cette hypothhse. Tel est en 
effet le cas de la mytapho.sphatase, de pH optimum voisin de 8.0 dans diverses 
cellules; tel est celui des phosphodiestyrases, dont on a longtemps admis que le 
pH optimum est V(»isin de 9.0 ou de 5.0 selon leur origine. Toutefois le dyfaut 
de correspondance entre le nombre des functions acides des divers substrats et 
celui des pH optima simultanys de leur dygradation enzymatique s’est rapidement 
manifesty, en sorte que la thyorie est apparue comme artificielle. L'ytude de la 
purification des phosphatases n’a plus lalssy subsister de doute sur Torigine de la 
multiplicity des pH optima de ces enzymes, car elle a conduit ^ la syparation de 
plusieurs de ceux-ci, caractyrisys chacun par un pH optimum d’action unique. 

La notion de Visodijnamie des phosphatases (22), admettant Eexis- 
tence d^enzymes de meme sp4cificit6 de substrat, mais diff4rant par 

* On trouvera un exposy d’ensemble sur la biochimie des phosphatases dans 
les articles gyndraux de Folley et Kay (47), de Bamann et Meisenheimer (20), 
de Schaffner (122), d’Albers (7b), de Roche et Courtois (106), de Moog (80), et 
de Sols (131). 
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leur pH optimum unique et leurs effecteurs, n'est aujourd'hui plus 
diseut6e. Elle a doming le d^veloppement de la biochimie des 
enzymes de ce type en m^me temps que T^tude de la specificity de 
leurs substrats. 

n, PHOSPHATASES ACIDP]S ET PHOSPHATASES ALCALINES 

Le nom de phosphatase couvre un tr^s grand nombre d^enzymes, 
dont le caractere commun est de donner naissance k Tacide ortho- 
phosphorique k partir de substrats divers (^011 elles tirent leur nom. 
Celle ^ laquelle est consacree cette revue appartient au groupe des 
phosphomonoest6rases actives sur les monoesters de Tacide phos¬ 
phorique. Folley et Kay (47), reunissant de multiples observations, 
ont distingue quatre enzymes dans le cadre de ce groupe et la classi¬ 
fication quMls ont proposee a ete conservee par la suite (7b, 106). 
II convient seulement de remarquer que Pusage s^est etabli d^appeler 
phosphatases les phosphomonoesterases et nous nous y conformerons. 

La phosphomonoesterase la plus comrnunement repandue dans les 
tissus animaux presente un pH optimum voisin de 9.0; elle est en 
general designee sous le nom de “phosphatase alcaline^’ et repond 
au type Ai de Folley et Kay (47). Les autres enzymes isodynames 
sont actifs k un pH optimum compris entre 3.8 et 6.0 et Texpression 
“phosphatase acide’^ est le plus sou vent rescrvee k celle de pH 
optimum voisin de 5.0 (type A2 de Folley et Kay). Leur diversity 
se manifeste dans un ensemble do faits. 

En premier lieu, la repartition des deux enzymes n’est pas identique. 
La phosphatase alcaline, tr^s abondante dans certains tissue animaux 
(os en croissance, muqueuse intestinale, cortex renal entre autres) 
(53,65,70,72) n’existe pas chez les vegetaux verts, riches en phospha¬ 
tase acide; on la rencontre exceptionnellement dans les moisissures 
(127), les levures (56,123,125,127), et les bacteries (88,91). La 
premiere presente une affinity beaucoup plus eievee que la seconde 
pour le i^^-glycerophosphate de sodium au pH optimum (35,62,92). 
La phosphatase alcaline est activee fortemcnt par Eion magnesium 
et divers cations (17,18) alors que tel n^est pas le cas de la phosphatase 
acide. Celle-ci est, par contre, inhibee par les fluorures et les oxalates 
alcalins, sans action importante sur la premiere (28), que les cyanures 
et divers formateurs de complexes (thiols, diethyldithiocarbamate de 
sodium, a,a'dipyridyl) inhibent specifiquement (33a-b,114). Lhon 
POj“ est le seul inhibiteur commun k toutes les phosphatases (41, 
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62,82). Enfin, la stability des deux enzymes a divers pH n^est pas 
identique; la phosphatase alcaline s^inactive rapidement aux pH 
inf^rieurs k 5.0, la phosphatase acide ^ ceux sup^rieurs k 8.0. Comme 
la premiere a pu, par ailleurs, ^tre s4par6e de la seconde dans les 
extraits tissulaires, son individuality ne saurait ^tre mise en doute. 

C. SPfiCIFICITE DE LA PHOSPHATASE ALCALINE 

La spycificity des phosphatases acides et alcaline est identique, 
puisque tous ces enzymes sent isodynames. On a toutefois dycrit 
des phosphatases aljp|Llines dont Tactivity ne s’exerce que sur un tr^s 
petit nombre de substrats, en sorte qu'un probl^me particulier est 
posy par rytude de la limite de spycificity de ces derniers enzymes. 

La phosphatase alcaline hydrolyse les esters les plus divers, in- 
dypendamment de la nature du radical organique liy au reste ortho- 
phosphorique et du nombre de ces radicaux combinys ^ un meme 
polyol. Le degry d^estyrification de- Tacide phosphorique dytermine 
seul la spycificity de Taction enzymatique, car les mono- et les diesters 
d^un m^me alcool sont dydoubiys par des phosphatases diffyrentes. 
La nature du radical organique du substrat modifie la dissociation 
des fonctions acides de ce dernier et rygit Taffinity de Tenzyme pour 
lui; aussi la vitesse d^hydrolyse des divers esters n^est-elle pas 
identique. Quelle que soil Torigine de la phosphatase alcaline, elle 
agit sur tous les monoesters des alcools primaires et secondaires 
aliphatiques (12a,12b,58,83a,83b) et des aminoalcools (73,94,95,104), 
des polyols et des sucres, des cyclols, des phynols (59,61,84,86), sur 
les nuciyotides (70), et les phosphoprotyides (98,99,100). 

II a yty possible de pryparer des enzymes dont les propriytys 
gynyrales (pH optimum, effecteurs) sont k peu pr^s identiques k 
celles de la phosphatase alcaline, mais dont la spycificity apparait 
comme beaucoup plus ytroite. Comme, par ailleurs, on ne saurait 
mettre en doute la diversity des phosphatases spydfiquement actives 
sur des substrats voisins dans le cadre des acides polyphosphoriques 
(pyrophosphatases, polyphosphatases, adynylpyrophosphatase) on 
pouvait envisager celle de phosphomonoestyrases alcalines non 
isodynames. Les entires d^individuality de celles-ci myritent d’etre 
examinys. 

La phosphatase alcaline est toujours plus active sur le i3-que sur I’a-glyc^ro- 
phosphate de sodium, tandis que la phosphatase acide des hematies et des levures 
Test plus sur le premier, les autres phosphatases acides I’^tant k peu pr^s 4gale- 
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ment sur les deux. Or, ce comportement des diverses phosphomonoest4rases 
a paru assez r^gulier pour ^tre retenu comme 414ment de classification (47); 
aussi Texistence 6ventuelle d’une a et d’une jS-glyc^rophosphatase envisag^e par la 
suite (123) a-t-elle 4t4 tr4s discut^e (124,127). Une a-glyc6rophosphatase aurait 
4t4 isol4e des levures (123). Toutefois, il est certain que Taffinit^ de la phos¬ 
phatase alcaline est susceptible de se modifier vis-4-vis de Tun des isom^res 
ind^pendamment de Tautre et Ton peut, dans de multiples conditions exp6ri- 
mentales, inverser le rapport d’hydrolyse des deux esters (34,85,109,128). 
Pareille variation de I’affinit^ ne porte pas sp4cifiquement sur Tun des glycero¬ 
phosphates; elle peut, d^s lors, etre interpretee comme ne relevant pas de Tin- 
activation ou de Tinhibition d’un enzyme particulier h i'un d’eux. Aussi Topinion 
qu’il n’existe pas une a- et une /5-glycerophosphatase a-t-elle pr^valu, bien que 
le nom de ces enzymes, theoriquement specifiques d’un seul isom^re, demeure 
couramment employe. Le fait (]uc la phosphatase alcaline est reguliferement plus 
active sur le derive et conserve cette propriete au cours de sa purification con- 
stitue un caractbre permanent de cette phosphomonoesterase. 

De nombreuses observations montrent que certaines preparations agissent 
preferentiellement sur un seul ester, comme le fructose 1,6-diphosphate, ou sur 
un groupe d’esters, comme les S-nucieotides, et qu’il est possible de renforcer 
cette propriete par des inhibitions seiectives, des invactivations partielles et des 
fractionnements. Un enzyme de pH optimum - 9.7, activable par Mg'^'*', 
hydrolyserait specifiquement le fructose 1,6-diphosphate, dont il ne detacherait 
qu’un des restes phosphoryles (50b, 55, 81). Cette hexosediphosphatase, extraite 
du rein et du foie des mammiferes, n’est pas absolument sans action sur d'autros 
esters glucidiques et il y a lieu de remarquer, pour une discussion ulterieure, 
qu’elle est preparee par une technique inhibant d’autres activit6s phosphatasiques 
par un s6jour k pll = 3.5. Une 5-nucl4otidase active au pH optimum = 9.0 
et en presence de a pr^par^ k partir du cerveau et des testicules de 

mammif^res et de venins de serpents (29,97). Elle hydrolyse tr6s rapidement les 
acides ad6nylique et inosique du muscle (ad6nosine-5-phosphorique et d6riv6), 
mais non ceux de la levure (ad6nosine-3-phosphorique et ddriv6). Elle est toute¬ 
fois faiblement active sur ceux-ci et la dialyse des venins fait disparaitre cette 
specificity apparente (54), car les deux series de nucleotides sont alors dedoubiees 
avec une vitesse analogue, comme en presence de phosphatase alcaline. L’hy- 
drolyse des esters phosphoriques compris dans les amidons est operee sans rupture 
de liaisons glucosidiqucs par la phosphatase alcaline (114) et Texistence d’une 
amylophosphatase specifique (132,140,141) ne doit probablement plus dtre admise. 
Le cas de phytases a ete particulierement etudie. Il n’a pas ete possible de 
separer un enzyme hydrolysant specifiquement Tacide phytique (inositohexa- 
phosphorique) et les autres esters phosphoriques de Tinositol en milieu alcalin; 
mais certaines preparations enz 3 ^matiques (intestin) dedoublent faiblement ces 
substrats et de nombreux esters, alors que d’autres sont sans action sur les premiers 
(33,89,94). Seule une phytase acide specifique aurait ete isoiee. En fait, 
Tactivite phytasique alcaline parait toujours tr^s faible et la discussion porte 
plus sur une question de degre d’hydrolyse que sur la presence ou Tabsence de 
processus hydrolytiques dans les essais. La position d’attente adoptee par 
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Fleury et Courtois (46), ^ savoir qu’il existe probablement des phosphatases 
de specificity plus large encore que celle des tissus animaux, inactives sur I’acide 
phytique, est en accord avec toutes les observations faites jusqu’ici. Cette 
conception envisage une extension de la spycificit4 des phosphomonoest4rases k 
certains substrats et non sa restriction 4 un seul ou k petit nombre de ceux-ci. 
Quant au cas de la prot6inephosphatase (44), il parait voisin de celui de Tamylo- 
phosphatase. 

II ne sera probablement pas possible de formuler d^opinion defini¬ 
tive au sujet de ^existence de ces phosphatases tant qu^aucune n^aura 
pas ete isoiee dans un 6tat de purete plus grand. Une remarque de 
caractere general d^ ndanmoins etre faite. D^une part, les rapports 
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Fig. 1. Inhibition de la phosphatase alcaline purifce de Tintestin (chien) sur 
d /3-gIycer()phosphate de sodium et sur la phosphorylcholiiie, k pll = 9.0, k 
eivers temps de dialyse centre de I’eau bidi.still6e 37° et reactivation par le sul¬ 
fate de magnesium 1 X 

d’activite des phosphatases alcalines de diverses origines sur de 
multiples substrats, assez r4guliers dans les extraits bruts de tissu 
(102b), varient considyrablement au cours des operations les plus 
diverses et il en est de m^me de Faction des effecteurs. La perte 
d'activit6 par dialyse est plus rapide pour certains substrats et la 
reactivation n'evolue pas identiquement pour tous ceux-ci. Un 
exemple de ces faits est reports sur la figure 1 (104), qui objective la 
diminution en fonction du temps des activit^s de la phosphatase 
sur 1 acide glycdrophosphorique et sur la phosphorylcholine au cours 
de la dialyse et la reactivation par Fion Mg^*^. 

Il est done possible, non seulement d^observer, mais de provoquer 
des variations de specificite. On peut, d^s lors, se demander si le 
dedoublement de Fensemble des esters n^est pas opere par un mSme 
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groupement actif, mais si chaque type de substrat ne pent pas ^tre 
accessible k celui-ci uniquement s^il est fix6 sur renzyme dans une 
position particuli^re. Ainsi s^expliquerait que, l^un des groupements 
de Tapoenzyme susceptible de se combiner k un substrat ou 4 un 
type de substrat 4tant d6truit ou bloqu4, la specificity de la phos¬ 
phatase se trouve alors r^duite aux substrats auxquels elle demeure 
apte. 4 s'unir. Comme on le voit, Tetude des phosphatases alcalines 
actives sur un petit nombre d^esters meriterait d’etre reprise. Quelles 
que soient les reserves formiiiees plus haut, il est possible qu’il existe 
des phosphatases alcalines de specificity tres etroite et de recents 
travaux sur I’hydrolyse enzymaticiue du giucose-6-phosphate sont k 
cet egard prometteurs (37a). Les donnees exposees dans cette 
revue portent sur I’enzyme hydrolysant Tensemble des derives 
enumeres au debut de ce paragraphe. 

II. Identification, Preparation, et Purification de la 
Phosphatase Alcaiine* 

La caracterisation de la phosphatase alcaiine dans les milieux ok 
elle existe avec d’autres enzymes isodynames est en general facile 
k realise!’. On se base pour ccla sur le pH optimum, voisin de 9 0, 
et sur I’activation par Mg++. II a ete possible de mettre ainsi en 
evidence la quasi-ubiquite de la premiere dans les tissus animaux, 
que I’histochimie, inauguree par Gomori (50a), par Takamatsu 
(132), a par la suite deceiee memo dans ceux ou sa detection chimique 
avait ete negative (cartilages, tuniques vasculaires) (72,101a). De 
plus, les donnees obtenues ont indique les matieres premieres les 
meilleures pour la preparation de I’cnzyme, k savoir: la muqueuse 
intestinale (chien, pore, rat) et les matieres fecalcs (chien), les os en 
croissance (embryons de mouton, d’homme et de lapin nouveau-ne) 
et le cortex renal (pore, chien); le foie (pore, chien), notablement 
moins riche, est parfois un materiel commode. Dans certains 
extraits, le pH optimum est k peine ebauche sur les courbes d’activite 
en function du pH determinees sans effecteurs; il apparait alors 
tr^s nettement en presence de sels de magnesium 4 concentration 
optima (CbMg ou S 04 Mg 1.10“2-5.10“^ M) (17) tandis que I’activite 

* L’etude technologique de la phosphatase alcaiine (mesure de I’activit^ et 
applications diverses bashes sur celle-ci) n’a pas 4t4 entreprise et nous n’indi- 
querons dans la section II que les principes des m4thodes de preparation de cet 
enzyme. 
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en milieu acide ne se modifie pas. Ainsi, les extraits aqueux de foie 
de pore pr&entent deux courbes d’hydrolyse de Tacide glyc4ro- 
phosphorique tr^s diff^rentes dans la z6ne alcaline avec et sans addition 
de Mg++ (22). D’autres cas sont moins d^monstratifs, en raison 
de ^existence de facteurs diminuant la sensibility de la phosphatase 
alcaline aux effecteurs, sur lesquels nous reviendrons. On s^est 
ygalement servi dans le m^me but (28a etc.) d^inhibiteurs sp^ciAques 
de phosphatases acides coexistantes. Par exemple, Tenzyme de pH 
optimum voisin de des extraits de foie, de rein (lapin) a 
inhiby par les oxalates et les fluorures alcalins, lesquels sont dou^s 
d^une action faible on nulle sur la phosphatase alcaline dans les 
conditions exp^rimentales adqptyes. 

La caractyrisation d’un enzyme n^est quhine ytape de son ytude 
pryiiminaire k sa syparation et k sa purification. Comme, en dehors 
des os, les tissus riches en phosphatase alcaline renferment en quantity 
appryciable des enzymes isodynames, Tyiimination de ceux-ci est 
nycyssaire. On y parvient par inactivation syiective, par destruction 
des impuretys (protyolyse) et par des fractionnements opyrys au 
moyen de techniques diverses (adsorption, prycipitation par les sels 
neutres, par les solvants organiques). 

Les phosphatases cellulaires ne peuvent pas 6tre extraites quantitativement. 
Une partie, la plus importante, passe en solution dans Teau et dans des melanges 
hydroalcooliques ou hydroac4toniques (lyoenzymes), Tautre demeurant fix^e 
aux debris protoplasmiques (desmoenzymes) (24), et cela bien qu’il ne semble 
pas exister de diff6rence de nature entre ces deux fractions (135). Lorsque Ton 
so borne a pr4parer des extraits bruts de tissus pour 4tudier des actions phos- 
phatasiques, il est indispensable de contrdler soigneusement le temps et le pH 
d’extraction pour obtenir des r4sultats comparatifs, car le degr4 d'autolyse des 
tissus r6git la solubilisation des effecteurs et la stability de chaque enzyme varie 
avec le pH. Une br^ve extraction (15 minutes k 1 heure) en milieu faiblement 
alcalin (ammoniaque Af/20) est particuli^rement favorable. Dans le cas du 
foie (poudre ac6tonique), la solution obtenue renferme trois phosphatases, de 
pH optimum respectif 9.2-5.5 et 4.0; sa conservation ^ 37° et ^ pH == 8.3 in¬ 
active la derni^re en 30 minutes, la seconde en 24 A 36 heures, avec conservation 
d’une fraction importante de la premiere (17). L’adsorption s(51ective (12a, 109, 
126,139) n'est plus employ6e que dans des conditions trhs particuliferes, en raison 
de son faible rendement; elle conserve son inter^t pour caract^riser une phos¬ 
phatase prdsente en petite quantity dans un melange, car il n’est pas n4c4ssaire 
pour cela de T^luer, Les m^thodes les plus utiles sont celles mettant en oeuvre 
les techniques de la chimie des prot^ines, de pr4f4rence sur des autolysats. 

L’extraction aqueuse de reins donne une solution renfermant un melange de 
phosphatases acide et alcaline, dont le fractionnement au sulfate d’ammonium 
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entre 2.0 et 2.7 M permet de concentrer la seconde dans un produit qui, mis en 
solution dans Teau, laisserait sp^cifiquement pr^cipiter cet enzyme par dialyse 
(90); mais cette technique est d^pourvue d’inter^t pratique (121). Une autolyse 
pr4alable est favorable ^ la preparation de la phosphatase alcaline. Elle conduit 
4 une leg^re alcalinisation des milieux qui provoque Tinactivation des phos¬ 
phatases acides. De nombreuses contradictions entre les rdsultats de divers 
auteurs en ce qui concerne la presence de celles-ci ne reconnait sans doute pas 
d’autre cause. Par ailleurs, elle va de pair avec des processus de denaturation qui 
insolubilisent des proteines, enzymatiques ou non, lorsque Ton opfere dans des 
milieux renfermant de I’ali'ool ou de I’acetone. Ainsi, une brfeve autolyse des 
reins ou du cerveau (2 jours d. 37'^) dans le I’ethanol ^ 50% iib5re la phosphatase 
alcaline de ces organes independamment de Vautre enzyme isodyname present 
(32a). La methode do preparation d’H. et E, Albers (8), qui a permis d’obtenir 
les premiers produits d’activiie assez eievec;, comporte une aut()lys<' de 48 heures 
dans de Tethanol k 50% additionne de 5% irun meiang(i k parties egales de tolufene 
et d’acetate d’ethvle, suivie d’une precipitation de Textrait par Tethanol ^ 60%. 
Des preparations plus actives encore sont obtenuos A partir d(»s produits de fra(!- 
tionnement de cet extrait (rein, inteitin) ou de celui recueilli apr^s autolyse de 
24 heures en presence d’acetone ^ 25% (138a). 

Ces fractionnements ont basds soit sur run, soit siir plusieurs 
des principes suivants et parfois assoei^s h la digestion trypsique de 
proteines accompagnant Fenzyme, letpiel nVst pas d^truit par Faction 
de la protease (26,126). La precipitation par les sels (25,90,125), 
par Facetone ou Fethanol (6c,8,73,101,118h), de solutions aqueuses 
ou de solutions satur^cs d^acdtate de magnesium (31a) ont ete mis 
en oeuvre. Un essai de reperage des fractions proteicjnes actives 
en vue de controler leur separation et d^en augmenter le rendement a 
recemment ete base sur Fetude des courbes de solubilite des proteines 
constituant les preparations (30). De toute maniere, la preparation 
de la phosphatase alcaline pure ne doit pas etre consideree comme 
ayant ete realisee, les produits cristallises doues (Fune activite 
enzymatique eievee et specifique obtenus k partir du rein (138a) etant 
probablement constituees par un adsoiLat de la phosphomonoesterase 
k un support cristallise (3). 

L’une des difficult4s des recherches auxquelles on sc heurte dans ce domaine 
est I’impr^cision relative de la definition de Tactivite des preparations. II 
convient en effet, pour suivre le fractionnnement d’un produit au cours de sa 
purification de preciser I’activite (Qp) de chacune des fractions separees. Or, 
ceci n’a de sens que si la determination de Qp est toujours operee dans des condi¬ 
tions ou Tactivite est maxima; tel n’a pas ete le cas dans la plupart des travaux 
et il est, de ce fait, difficile de comparer objectivement les resultats de plus d’un 
tr^s petit nombre d’entre eux. La methode de preparation qui a permis d’obtenir 
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les preparations lea plus actives est la suivante (118b). De la muqueuse intesti¬ 
nal© de chien (ou, defaut, de pore) recueillie par raclage au scalpel de I’intestin 
greie, est mise k macerer avec son volume d’acetone k 25% et 1/lOeme de son 
volume d’un melange k parties 6gales de toluene et d’6ther ac6tique. On main- 
tient Tautolyse 3 jours k la temperature du laboratoire en agitant de temps en 
temps. On filtre. Le iiquide recueilli est refroidi k — 2° et additionn6 goutte 
4 goutte d’acetone refroidie k —5° jusqu’^ ce que la concentration finale de 55% 
en celle-ci soit atteinte. Cette operation est conduite dans un recipient immerge 
dans un bain de glace, au sein duquel on laisse deposer le precipite riche en enzyme 
qui se forme. On centrifuge, on lave le culot proteique a Tacetone anhydre 
glacee et on conserve le ^pduit sous vide apres dessication sur acide sulfurique 
et pulverisation au mortier. La technique pent egalement etre appliquee ^ 
d’autres organes (rein, foie, os). Le produit brut auquel ello donne naissance, 
mis en solution k 2% dans Tcau, est soumis ^ 0° k des precipitations fractionnees 
successives par I’acetone ^ — 5°, au Imin de glace. Les precipites que Ton recueille 
entre 35 et 50% en ac6tone renferment la plus grande partie de I’enzyme et sont 
relativement pauvres en impuretes {)roteiques. II y a lieu de signaler que Tacetone 
inactive progressivement la phosphatase purifiee, beaucoup moins stable que 
I’enzyme brut, aux temperatures superieures 0®. L’eiimination par digestion 
trypsique de prot6ines accompagnant Tenzyme peut utilement etre ajoutee 5, 
ces operations (2). 

On ne peut pas encore caraetdriser la phosphatase alcaline par sa 
composition et son activity, mais seulement faire dtat des caraetdres 


TABLEAU I 

Activity en presence de et composition de quelques preparations 

DE phosphatase ALCALINE PURIFiEe PAR DIVERSES TECHNIQUES 


Origine de la 
preparation 

R6f. 

Qp 

N. % 

Glucides, 

% 

Mg, % 

Zn, % 

Intestin. 

126 

— 

10.1 

21.1 

— 

— 

Intestin. 

Intestin (reactive 

2b 

105,000 

14.0 

0 

— 

— 

aprds dialyse).. 

105 

175,000 

12.8-14.0 

3.5 

0.5-0.3 

0.02-0.05 

Fhees. 

2a 

84,500 

10-11 

0 

— 

— 

Glande mammaire 

31b 

28,700 

8-10 

— 

— 

— 

Rein. 

2c 

24,500 

14 0 

— 

— 

— 

Rein. 

a 

24,500 

12.8 

— 

0.3 

0.03 

Rein. 

16 

— 

— 

— 

— 

0.05 

Rein. 

8 

11,500 

15.0 

— 

<0.1 

— 


“ Donnees non publiees etablies par M. Roger. 


de ses preparations les plus actives obtenues par divers auteurs. 
Toutes sont protdiques et renferment des cendres, dont le magndsium 
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et le zinc sont des constituants r^guliers. Certaines (126) sont riches 
en glucides renfermant de la glucosamine et la question de la presence 
de ces produits en tant que constituants de Tenzyme a 4t6 pos4e. 
Elle ne doit pas 6tre retenue, car des preparations d^une tr^s haute 
activity ne renferment que tr^s peu, ou pas, de glucides (2c, 105). 
Quelques donnees sur la composition de diverses preparations purifiees 
ont ete rassembiees dans le Tableau I. 

La teneur en azote des preparations est en general assez basse, 
m^me lorsqu^elles ne renferment pas de glucides (mucoproteines). 
Par ailleurs, leur teneur en cendres presente des dilBFerences notables 
(1.5 k 4.0% dans les produits obtenus par precipitation acetonique 
fractionnee) et une partie des elements mineraux est certainement 
etrang^re k Tenzyme. Le magnesium est en general present k un 
taux relativement eieve (0.5 k 1.0%) et la fraction de cet element 
liee k la phosphatase est difficile k preciser, car, si sa perte par dialyse 
est en partie imputable k Feiimination de phosphate de magnesium, 
la reactivation de Fenzyme exige par ailleurs Faddition de Mg"^"^ 
ou d^un des cations divalents avec lesquels il est interchangeable 
(33,112b). Enfin, lorsque Finactivation totale par dialyse se mani- 
feste, les preparations intestinales renferment encore jusqu^4 0.1% 
de magnesium, c^est dire autant que celles d^enzyme renal obtenues 
par Albers et Albers (8). Quant au zinc, il n’est present qu^^ Fetat 
de trages (0.03-0.06%) et son taux ne semble pas subir au cours des 
purifications des variations paralieies k celles de Factivite. Le 
spectre ultraviolet des preparations les plus actives (6e,31b,51,102c, 
129) est analogue k celui de multiples proteines non enzymatiques et 
Fon ny decele la presence d^aucun constituant susceptible de jouer 
le role de coenzyme. Le seul element de composition particulier 
est une teneur eievee en magnesium, une partie seulement de ce 
metal paraissant spedfiquement liee k Factivite enzymatique. 

Il est difficile de preciser la signification des donnees obtenues 
jusqiFici sur le poids moieculaire (P.M. = 6,000-10,000) et le point 
isoeiectrique (pH^ = 9.0) de la phosphatase alcaline (8,32a); leur 
etablissement sur des produits d^un degre de purete eieve est 
necessaire pour en contr61er la validite. Neanmoins, Fultracentri- 
fugation des milieux renfermant cet enzyme montre qu'il se sedimente 
avec des particules globuliniques (68); il est possible qu^il soit 
simplement fiixe k certaines de celles-ci (64), dont le poids moieculaire 
est d'un ordre de grandeur eieve. 
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III. Efifecteurs de la Phosphatase Alcaline 

Les propri6tds g^n^rales de cet enzyme ont 6num6r4es k propos 
de la diff^renciation des phosphatases acides et alcaline et nous 
n^6tudierons avec quelques d6tails que certaines d’entre elles. Son 
pH optimum a fait Tobjet de divers travaux. La valeur de 9.25 
a ^t6 4tablie pour des preparations d’enzyme r^nal k partir de don- 
n^es exp^rimentales tr^s rigoureuses, relatives k la vitesse initiale 
de rhydrolyse du /3-glycerophosphate de sodium (8). Des valeurs 
notablement inferieures ont souvent ete enregistrees au cours d^ex- 
periences de longue ckaree, Tinactivation de Tenzyme etant d^autant 
plus importante que le pH est plus alcalin. Enfin, le pH optimum 
de rhydrolyse est fonction de la nature des substrats (37,55,66b, 102), 
probablement en raison des differences existant dans le degre de 
dissociation (pK) des fonctions acides de ceux-ci, ot la presence 
d^effecteurs pent le modifier (4,5). De toute mani^re, Tetude de 
Taction de Tenzyme au pH optimum exige des essais a une serie de 
pH compris entre 8.0 et 10.0, afin d’eviter des erreurs tenant k de 
legers decalages du pH optimum sous Tinfluence de facteurs multiples. 
L^activation, I’inhibition, et Tinactivation do la phosphatase alcaline 
ont en outre servi k preciser ses caracteres selon des modalites qui meri- 
tent d^etre passees en revue. 

Nous n^envisagerons ici que les effccteurs specifiqucs de la phos¬ 
phatase alcaline et Tinactivation de celle-ci, dans la mesure oh 
clle permet de la caract^riser. L^inactivation par dissociation 
d’une cophosphatase hypothdtique sera trait^e dans la section III. 
De m^me. Taction d’inhibiteurs n\ayant pas 6t6 4tudi6s en presence 
d’enzymes purifi(5s, tels que Talloxanc (77), la phlorhidzine (95a) 
n’a pas 4t4 discut^e, car il est possible qu^elle soit en partie indirecte 
et son m4canisme ne peut pas ^tre interpr^t^. 

A. INHIBITION ET INACTIVATION 

1. Action des formateurs de complexe 

On s^est rapidement rendu compte que les inhibiteurs les plus 
efficaces de Tenzyme sont constitu4s par certains formateurs de 
complexe. Comme avec divers autres enzymes k m4tal dissociable 
(cf. 102d), les cyanures alcalins, la cyst4ine, le glutathion sont 
inhibiteurs, mais k des concentrations variant d’un extrait de tissu 
k un autre (5.10“'^ k 10Af). Ainsi, les extraits de poudre ac4- 
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tonique de tumeurs sont plus sensibles que ceux de foie. De plus, 
les mSmes corps sont parfois activateurs 4 faible concentration. Par 
ailleurs, les extraits d^organes d4ss4ch4s sont en g^n^ral plus forte- 
ment inhib6s par ces effecteurs et la conservation des preparations 
4 Pair augmente souvent leur activity, en raison de Poxydation des 
—SH presents. Le gain apparent en nombre d’unites phosphatasi- 
ques total des preparations au cours de leur fractionnement relive 
egalement de Teiimination (ou de la modification) d’effecteurs 
naturels, dont les thiols liberes au cours de la proteolyre (cysteine et 
peptides de cysteine) paraissont los mieux cara(‘terises. Les faits 
observes s’expliquent en admettant que les effets activateurs et in- 
hibiteurs des cyanures et des thiols resident, les premiers dans le 
blocage de metaux lourds inhibiteurs, les seconds, dans la combi- 
naison de ces corps k un constituant metalliquo de Tenzyme lorsqu^ils 
sont presents k concentration phis eieveo. Cette interpretation, 
donnee en 1932 par Edlbacher et Kutscher (38) a ete deformee au 
cours de travaux ulterieurs, orientes betude de rinfluence du 
potenticl d^oxydoreduction sur les processus enzymatiques de phos¬ 
phorylation evoluant dans les cellules. Par analogic avec des faits 
observes dans des reactions de proteolyse. Taction des thiols a ete 
consideree, k tort, comme s^exergant indirectement, en modifiant 
le potentiel du milieu (123,142), et cela bien que Toxydation des 
preparations enzymatiques par Tacide monoiodacetique, Teau 
oxygenee, le ferricyanure de potassium, soit sans action (67,71,108a). 

Les travaux les plus recents ont confirme le point de vue initial 
d^Edlbacher et Kutscher. Quel que soit le substrat utilise, Torigine 
de la phosphatase alcaline (os [146], rein, foie, cerveau [49], intestin 
[108b], serum [133,134], levures [56,77]), il est legitime de rattacher 
Taction des cyanures, de la cysteine, de Tethylmercaptan, du gluta- 
thion, de Tacide thioglycolique k la formation de complexes avec 
des constituants des preparations enzymatiques: metaux jouant le 
r61e dhnhibiteurs naturels que de faiblcs concentrations de Teffecteur 
suffisent k bloquer, metaux participant k la molecule enzymatique 
et qui ne reagissent avec Teffecteur qiT^ concentration relativement 
eievee. Du point de vue experimental, Tetude de ces inhibiteurs 
ne pent donner de resultats precis que si elle est poursuivie syste- 
matiquement k une serie de concentrations, puisque leurs effets sont 
susceptibles d'etre inverses selon celles-ci. Pareille remarque 
s'applique k Taction de Tacide ascorbique (66a, 133,134), des acides 
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amines (15,29a,b,c), toujours inhibiteurs k forte concentration, mais 
pouvant d^Stre activateurs k de faibles taux dans des conditions 
particuli^res (60,108a et b). 

D^autres formateurs de complexe non susceptibles d^agir en 
outre k titre de corps r4ducteurs, comme les thiols, les cyanures, les 
sulfites, Tacide ascorbique, sont 4galement efficaces: ce sont le di- 
4thyldithiocarbamate de sodium, la ph^nanthroline, r-a,a'“dipyridyl, 
les tungstates (33c,d,115). Leur m^canisme d'action peut, comme 
celui des pr6c6dents, r^sider en un blocage de m6taux avec formation 
d^un complexe: enz^wie-m^tal-inhibiteur inactif. Mais il peut 
aussi consister en T^limination k r4tat de complexe de cations d4- 
tach^s de la prot^ine enzymatique, la dissociation de la combi- 
naison m^tallique constituant T^nzyme 4tant favoris6e par un simple 
d^placement de T^quilibre et le m^tal bloqu6 au fur et k mesure de 
son apparition k T^tat ionis4. II semble bien qu^il en soit ainsi 
lors de inhibition par des produits tels que les formateurs organiques 
de complexe; car, d^une part la dialyse contre des solutions de ceux- 
ci favorise beaucoup leur action et, d^autre part, cette derni^re 
persiste apr^s Elimination de ces produits (115). Par exemple, des 
solutions de phosphatase alcaline inactivEes par dialyse contre des 
solutions d'a,a'-dipyridyl ou do diEthyldithiocarbamate de sodium, 
puis contre de Teau distillEe, demeurent inactives aprEs cette derniEre 
opEration, et cela bien que ne renfermant plus alors le rEactif initiale- 
ment utilisE et pouvant, par ailleurs etre rEactivEos par des cations en 
prEsence d’acides aminEs (118). L'action des cyanures est sans 
doute plus complexe, car CN~ se combine aux enzymes comme aux 
autres protEines au mEme titre que divers anions et son Elimination 
exige alors une dialyse prolongEe, ou Taddition de cations susceptibles 
de s^unir k lui. C^est IE, la raison pour laquelle Cloetens (33c,d,e) 
a pu observer que Taddition prEalable de Zn++ etait indispensable 
pour rEactiver par Mg++ la phosphatase inactivEe par KCN et 
soumise ensuite k 4 jours de dialyse contre une solution diluEe de 
COsNaH. 

L^inhibition du type EtudiE est rEgie en premier lieu par les rap¬ 
ports d’aflSnitE entre la protEine enzymatique, le constituant mEtal- 
lique de la phosphatase et Feffecteur; celui-ci est actif dans la mesure 
oil il rEagit avec les deux autres. Comme on le verra plus bas, une 
sErie de cations divalents sont susceptibles de rEactiver la phosphatase 
alcaline k un degrE voisin (118b). En raison mEme de cette inter- 
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changeability de son constituant mytallique, la phosphatase doit 
pouvoir r^agir avec les divers cations divalents presents dans les cel¬ 
lules qui la renferment et sa composition ne doit pas toujours ^tre la 
m^me en ce qui concerne ceux-ci. II n^est pas impossible qu’elle 
comprenneun melange de m^taux en concentration variable, avec forte 
prydominance de magnysium. L^action des thiols, des cyanures, 
des autres formateurs de complexe, dypendrait de la nature et des taux 
respectifs des divers constituants mytalliques. Aussi ne peut-elle 
ytre que variable en intensity; elle ne saurait ytre constante que 
si Tenzyme a yty inactivy par yiimination de son (ou de ses) mytal 
naturel et ryactivy avec un seul cation. Par exemple, Tion F“ est 
en gynyral dypourvu d^action sur elle, mais est un inhibiteur efficace 
de cet enzyme dans les extrails de foie de pore, oii il est possible 
que le magnysium soit le seul mytal prysent (75). Pour la meme 
raison, les oxalates alcalins et les acides biliaires se comportent comme 
des inhibiteurs occasionnels (28,45,108b), sauf en ce qui concerne 
Taction des seconds sur les pryparations d^origine intestinale (29c). 
L^ytude de ce type d^inhibition a fait faire d^importants progr^s k la 
biochimie de la phosphatase, puisqu^elle a conduit k pryciser la 
caractyrisation de celle-ci et a orienty les recherches vers Texistence 
dans ses pryparations de mytaux dissociables. 

2. Inactivation par destruction ou blocage de groupements amines 

ou thiols 

L^activity phosphatasique peut dtre affectye par des ryactions por- 
tant sur la partie protyique de Tenzyme. Les rysultats obtenus sont 
toutefois dMnterprytation dyiicate, car il n’a pas yty possible de 
ryaliser ryversiblement des inactivations dues k des processus de 
cette nature. L'acide nitreux, le cyt^ne, Tisoc^^anate de phynyle, 
le formol, inhibent la phosphatase alcaline, dont certains groupements 
aminys primaires sont alors bloquys ou dytruits (10,51,103). L^action 
du formol ne peut pas ytre ryversye par les sels ammoniacaux ou la 
dialyse, sans doute parce qu'elle comporte une dynaturation de la 
protyine (103). Certains des ryactifs mis en oeuvre dans ces essais 
ne sont pas spycifiques des groupements —NH 2 et leur action porte 
ygalement sur des groupements —SH ou —OH, ces derniers ne jouant 
k peu pr^s certainement aucun r61e dans la catalyse enzymatique. 
L’intervention des groupements thiol dans celle-ci est peu probable, 
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car, comme on Ta vu, Tiode k faible concentration et Tacide mono- 
iodac6tique, sont sans action, comme divers oxydants et r^ducteure 
dans une tr^s large marge de rH (107,129). N4anmoins, dans Is 
cas de Thydrolyse de Thexosediphosphatase, il a r^cemment signal^ 
(143) que Tacide monoiodac^tique, Talloxane, le nitrate ph6nyl- 
mercurique se comportent comme des inhibiteurs et que la cyst4ine 
s^oppose a leur action. Des faits analogues, mais de signification 
peu claire ont 4t^ enregistr6s avec Tad^nylpyrophosphatase, dont 
^inhibition partielle (30%) par I’acide monoiodac6tique 10“^ M 
^volue parall^lement k la disparition de groupcments —SH, mais est 
beaucoup moins forW que celle provoqu^e par le chloromercuri- 
benzoate, r4actif plus sp^cifique de —SH (25,40). 

Le r61e des groupements —NH 2 dans Tactivit^ enzymatique ne 
pent pas encore etre interpr6t6. On pent penser qu’il consiste a 
participer k des complexes du m^tal indispensable a celle-ci, la stability 
de ces combinaisons pouvant etre modifi^e exp^rimentalement par la 
presence de corps susceptibles d^entrer en concurrence avec la pro- 
t^ine pour s’unir an m^tal. Ainsi se rejoignent les deductions tiroes 
de retude des deux modes d^inhibition envisages: Teiimination d^in 
constituant metallique naturel par entrainement dans un complexe 
detruit Tactivite phosphatasicpie et, par aiHours, elle comporte la 
decomposition d’un complexe metalloproteidique apparaissant comme 
un element essentiel de la structure de Henzyme. 

B. ACTIVATION 

1. Activation par les cations divalents 

LHnhibition par des formateurs de complexe constitue une pre¬ 
sumption importante en favour de la presence de metaux dans la 
molecule enzymatique. En effet, comme Tont rappeie Warburg et 
Christian 4 propos de leurs recherches sur Tenolase: “Lorsque des 
formateurs de complexe differents inhibent un enzyme, il en resulte 
que, selon un principe qui n^a pas ete mis en defaut depuis 1923 (145), 
le ferment est une combinaison dissociable de metal lourd (144).” 
Dans le cas de la phosphatase alcaline, la signification des resultats 
obtenus n^a ete comprise que longtemps apr^s la decouverte de Tacti- 
vation de la phosphatase du rein par (Erdtmann, 41). Ce 

dernier n^a tout d’abord ete considere que comme un reactif commode 
pour differencier la phosphatase alcaline des phosphatases acides des 
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tissus et sa participation possible k la constitution de la premiere 
n^a 4t4 comprise qu’avec la mise en Evidence de Taction d^autres 
cations divalents (18,112b,115). 

Celle du magnesium elle-m^me peut ne pas se manifester dans cer- 
taines preparations brutes (13,23,136), oii celle du manganese est plus 
irr^guliere encore (6d); celle du zinc est si faible dans les extraits 
de certains organes qu^elle a pu, k Torigine, etre consider^e par divers 
auteurs comme sp^cifique de Tenzyme de tissus particuliers (75,77). 
En dehors de Mg++, Mn++, et Zn'*”^, les ions Co+"^, Ni"’"’’, Fe'^+, 
et Ca‘+''^ sont activateurs dans des conditions particulitres (18,19, 
112b,115) tandis qu^Hg'*'"^' n’a pu etre consider6 comme tel que pour 
des preparations renfermant des cyanures (antiinhibition) (33d,e). 
L’etude des effecteurs metalliques a ete pleine d’enseignements k 
beaucoup d’egards, mais elle donne encore lieu 4 de multiples contra¬ 
dictions, tenant a des causes qu’il y a lieu d^examiner. 

La sensibilite de Tenzyme aux cations est fonction de variables 
diverses. Elle est inconstante dans les produits bruts, mais aug- 
mente et devient reguliere an cours de la purification (23). Par 
exemple, Mn++ n’est pas considere comme un activateur par certains 
(6d) en raison de son d4faut d^efficacit^ sur des extraits d’organes; 
de m^me Zn'^^ et Fe++. Par contre, Mn++ cxerce sur la phosphatase 
du foie de pore dialys^e (extrait de poudre de foie trait^e par Tac4tone 
dans Tammoniaque ilf/40, temps de contact 15 minutes, dialyse 
2 jours) une activation plus forte que celle de Mg+'^ (24.974% au 
lieu de 9.807%) (19). Enfin, apr^s une tr^s longue dialyse contre 
de Teau bidistill4e (2 4 4 semaines), Mg+'^ provoque Tactivation la 
plus forte, celles de Mn++ et de Zn++ ^tant n^anmoins du m6me 
ordre de grandeur. On ne peut, en fait, tirer de conclusion ferme 
que des donn4es 4tablies sur des enzymes purifies et il est regrettable 
que cette notion n^ait pas 6t6 retenue, m6me au cours de r^cents 
travaux sur Taction des effecteurs metalliques. L^in^gale sensibility 
des fractions lyo- et desmoenzymatiques k Mg'^'^ n^est que Tun des 
aspects du probieme de la susceptibility de la phosphatase aux cations, 
puisqu’une dialyse prolongye de la seconde suffit k la rendre identique 
k la premiere k cet ygard (136). Par ailleurs, il est certain que le 
pH du milieu (41) et la nature du substrat (104) sont des facteurs 
importants de Tactivation. Ainsi, la phosphatase intestinale purifiye 
est beaucoup plus fortement activye par Mg^"'*' ou Mn'^+ dans 
Thydrolyse des glycerophosphates que dans celle de la phosphoryl- 
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choline ou de la phosphorylcolamine (104). De plus sa sensibility k 
ces cations augmente de fagon importante et progressive au cours de 
la dialyse prolong^e (4 semaines) centre de Teau bidistill^e, pour ce 
qui est de Thydrolyse des glycyrophosphates, mais beaucoup moins 
pour ce qui est de celle des deux autres esters (104). Par centre 
Torigine de Tenzyme (bactyries, levures, tissus animaux divers) 
paratt sans influence bien dyfinie (33,91,93,112b,133), sauf pour ce 
qui est de certaines ryactivations (29f). 

Un autre caractyre de Taction des cations ryside dans Texistence 
de concentrations optima en effecteurs. Cette notion, due k Jenner 
et Kay en ce qui coimrne Mg++ (63), a yty par la suite gynyralisye 
(112b), puis modifiye pour cet ion JusqiTy, un degrd yievy de purety, 
la phosphatase est activye par les sels de magnysium proportionnelle- 
ment k la concentration du milieu on ceux-ci tant qiTelle ne dypasse 
pas 1 X 10“^ 4 5 X 10~'^ M; au del^, de cette concentration optima, 
Tactivation est moindre et Ton pent meme enregistrer de lygercs 
inhibitions k des taux tr^s yievys en sels. Les pryparations hautement 
purifiyes prysentent, par centre, une activation maxima k partir 
d^une certaine concentration en Mg'^"*' et au delil de celle-ci; Teffet 
inhibiteur des fortes tencurs en cet ion ne sV manifeste plus (2c, 118b). 
Pour tous les autres cations ytudiys (118b) il existe un optimum de 
concentration activatrice et I’on observe une inversion des effets 
lorsque Ton passe des taux faibles aux taux yievys en sel. La con¬ 
centration optima est tres diffyrente avec les divers cations; elle est 
tr^s faible pour Zn++ (1 X 10~® k I X 10~® M), pour Fe++ (1 X 
10“'^ M) et sensiblement plus forte pour Mn"^"^ (1 X 10~^ M). II 
est manifeste que certains auteurs n^ont observy que Taction in- 
hibitrice de ces divers cations en raison dc Temploi de concentrations 
trop yievyes en ceux-ci. En Tabsence d’informations sur la purety 
d^une pryparation de phosphatase sa ryactivity vis k vis des cations 
ne pent ytre dyfinie que par rapport k une syrie de concentrations en 
ceux-ci. Le mode d^action des cations sera examiny k propos de la 
constitution de Tenzyme k laquelle il est liy. 

2. Action des acides amines 

L^activation par ces corps de Turyase (11), de Tamylase de diverses 
origines (119,128)^ de la lipase pancryatique (36) a suscity des re- 
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cherches sur ^influence des acides amines sur la phosphatase alcaline, 
laquelle s^est montr^e activable par eiix 4 des concentrations parfois 
tr^s faibles (0.0025 M de glycocolle), la creatine et la creatinine etant 
inefficaces (29a,96). Malgre une premiere contradiction (6d), les 
observations initiales de Bodansky ont ete confirmfes par la suite 
(60,108b). Les pourcentages deactivation sont augmontes par la 
dialyse, eiiminant les produits d^autolyse des tissus; ils peuvent alors 
atteindre 500% du pouvoir phosphatasique initial et il existe une 
concentration optima (5 X 105 X 10“^ M) en divers monoacides 
monoamines. Une exception est constituee par la cysteine, dont 
reffet activateur, tr^s prononce 4 de faibles concentrations (5 X 
10“^ ^ 5 X lO”'^ M), diminue k des faux plus eieves et fait place k 
partir d^une certaine concentration, k une action inhibitrice; cette 
derniere est due au groupement —SH. Elle est, k de faibles concen¬ 
trations en cysteine, masquee par Unction antagoniste du reste de la 
molecule tandis qu^elle predomine k des taux eieves en acide amine. 
Divers polypeptides (glycylglycine, alarylglycine, leucylglycine) se 
comportent k cet egard comme les aminoacides quails renferment. 
La reaction ne semble pas liee au caract^re fortement polaire de 
Teffecteur, car Tanhydride de glycine la presente, bien que depourvu 
de groupements amine et carboxyle libres (118a). Les phosphatases 
de diverses origines ne paraissent pas se comporter identiquement, 
car les resultats resumes plus haut, obtenus avec Tenzyme intestinal, 
ne peuvent etre retrouves regulierement avec cclui d'autres organes 
qu^en ce qui concerne Tinhibition par des taux relativement eieves 
d’acides amines (29c). La L-histidine active fortement les prepara¬ 
tions de phosphatase fecale hautement purifiees et dialysees (2 X 
10“^ iU)(2a) alors qu'elle inhibe celles d'enzyme intestinal, osseux, 
renal (4.6 X 10"^ M) (29). La cysteine serait sans effet sur les 
preparations d^origine fecale ou renale, ces dernidres etant insensibles 
au glycocolle (2a). II est possible que les differences signaiees entre 
les phosphatases des divers tissus tiennent en partie k des impuretes 
les accompagnant dans les preparations etudiees et ne soient pas 
caracteristiques. II est toutefois certain que les acides amines et 
les peptides sont activateurs des phosphatases intestinale et fecale 
(de mfime origine) k faible concentration et inhibiteurs de toutes les 
phosphatases alcalines k un taux eieve. 
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5. Synergic ou antagonisme entre effecteurs, Coactivation^ 
concurrence et antiinhibition 

A plusieurs reprises il a mentionn4 que raction d’un effecteur 
varie selon les conditions dans lesquelles on T^tudie et ne devient 
r^guli^re que sur Tenzyme purifi^. II en est ainsi pour plusieurs 
raisons. Les unes qui seront discut^es plus bas, tiennent h la na¬ 
ture de la phosphatase les autres au fait que I’enzyme est toujours 
present dans les cellules et les humeurs avcc un cortege d^effecteurs 
dont les uns tendent’-A r^duire, les autres 4 favoriser Tactivit^ enzy- 
matique. Deux principales ^ventualit^s se prdsentent alors: ou bien 
les effecteurs agissent ind6pendamment les uns des autres et leur 
activity globale est la somme de celle de chacun; ou bien Taction de 
Tun d’cux potentialise celle d’autres. La premiere est celle de la 
concurrence des activateurs et de Tantiinhibition; la seconde est 
celle de la coactivation. 

L’^tude quantitative de Tactivation de la phosphomonoest^rase 
alcaline par Mg^"^ a rnontr^ que Tintensit6 de ce ph^nom^ne est 
tr6s variable et qu’elle est eii g6n4ral d’autant plus grande que 
Tenzyme est plus pur. L’hypoth^se qiTil en est ainsi parce que les 
preparations brutes renfermcnt d^autres cations activateurs en con¬ 
currence avec le magnesium pouvait expliquer co fait, comme elle 
explique Tinhibition par les phosphates (62). Apres dialyse prolongee 
centre des formateurs de complexe (diethyldithiocarbamate, 
dipyridyl), puis centre de Teau bidistiliee, les extraits d’organe 
sent tr^s fortement activables par Mg++, mais perdent cette pro- 
priete s^ils ont, avant Taddition de cet ion, ete dialyses centre des 
solutions renfermant un melange d^autres cations divalents (Ca++, 
Mn++, Zn’^+) activateurs. La dialyse prolongee de solutions enzy- 
matiques brutes centre Ta,a'-dipyridyl permet d’obtenirdes prepara¬ 
tions fortement activables par des melanges de Ca++, Mg++, et Mn++ 
renfermant chacun de ces ions k concentration inferieure k celle 
provoquant la meme activation par un seul d’entre eux (concentration 
inferieure k Toptimum); Fe'^*^ et Zn’^+ sent alors inhibiteurs m^me 
k de tres faibles taux. Ces exemples montrent que les effets des 
divers cations manifestent une additivite certaine, puisque la concen¬ 
tration optima de leur melange peut fitre atteinte, puis depassee, par 
addition en quantite progressivement croissante de Tun quelconque 
des constituants de leur melange. Ces observations permettent de 
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pr^voir rinterchangeabilit^ du m6tal participant k la structure de la 
phosphatase; elles expliquent par ailleurs Tin^gale r6activit6 aux 
cations des preparations brutes, car celles-ci renferment en proportion 
variable des metaux, activateurs ou inhibiteurs scion leur concentra¬ 
tion au voisinage de la molecule d'enzyme. L’antiinhibition par les 
formateurs de complexe k faible taux reieve de la m^me cause. 

Ainsi, Texplication la plus plausible d’activations par les 
cyanures, les thiols, Tacide ascorbique 4 tres faible concentration 
est que ces corps se combinent 4 des inhibiteurs naturels metalliques. 
L’exemple le plus typique de faits de cet ordre est la reactivation par 
rhydrog^ne sulfure de la saccharasc inhibee par Targent (43). Dans 
le cas des phosphatases, Teiimination de metaux specifiquement 
inhibiteurs, tels que le cuivre, ajoutes aux preparations pent etre 
operee in vitro par action de la cysteine, du cyanure de potassium; 
elle reactive Tenzyme. D^s lors, la formation de complexes metal¬ 
liques avec des constituants naturels des preparations g^nant Tactivite 
enzymatique conduit k une antiinhibition dont la consequence est 
une activation apparente. Mais, comme la reaction porte egalement 
sur des metaux activateurs, on observe la resultante de deux effets; 
Tantiinhibition predomine k faible concentration du formateur de 
complexe, rinhibition au dessus d’un certain taux. II est d^ailleurs 
possible que les deux manifestations soient dues k une reaction avec 
un seul metal car, s^il est present a une concentration depassant 
Toptimum au niveau de Fenzyme, on doit realiser une antiinhibition 
en eiiminant son exc^s, puis une inhibition en bloquant la fraction 
sur laquelle repose Tactivite phosphatasique. D'autres exemples 
d’antagonisme sont fournis par la neutralisation de Taction de F“ 
par Mg++ (28c) et par la reactivation au moyen de 00"^+ de Tenzyme 
des os inhibe par un exc^s d'acide amine (29c). 

L’action des cations s'exerce en synergie avec celle des acides 
amines. Erdtmann (41) a depuis longtemps observe que les produits 
de dialyse de Tenzyme (rein) renfermant du magnesium sont plus 
fortement activateurs que leurs cendres. Ce fait, confirme par la 
suite (39,42,116), montre que Tactivite de Tenzyme est liee k Tasso- 
ciation d^un metal et d^un corps organique.' Celle de Tion Zn++ 
sur des preparations intestinales (rat) est fonction de la presence des 
produits de la proteolyse, lesquels peuvent etre remplaces par des 
acides amines definis. Sauf k tr^s faible concentration, Zn*^*^ est 
inhibiteur apr^s dialyse des extraits de muqueuse intestinale dans des 
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conditions oil il active les memes f)roduits non dialysis (60). C^est 
surtout au cours des processus de r4activation de la phosphatase 
inactiv4e par dialyse prolong4e (plusieurs semaines) que la synergie 
des acides amines et des cations se manifesto; elle n’est pas alors 
particuli^re 4 Zn++ mais Fe''‘+ Mg++ et Mn++ y participent 

(118b). Le role coactivateur des acides amines, n6glig6 k tort par 
certains auteurs 6tudiant les effets propres de ces corps, parait im¬ 
portant non seulement dans le cas de la phosphomonoest^rase 
alcaline, mais dans ceux de nombreux enzymes k m^tal dissociable: 
zymohexase (144) pep^ases (74,113,130), pyrophosphatase alcaline 
(117), ad^nylpyrophosphatase (14). Son m^canisme sera discut6 
plus bas. 

Les actions synergiques, les concurrences et les antagonismes entre 
effecteurs pr4sentent une intensity qui ne peut ^tre d^finie dans les 
preparations non purifiees, plus ou moins riches en activateurs et en 
inhibiteurs naturels; aussi n^est-il pas surprenant que T^tude de la 
phosphatase alcaline ait conduit dans ce domaine ^ de multiples con¬ 
tradictions, en apparence inexplicables. 

C. SPfiCIFIClTfi D’ORGANE ET EFFECTEURS 

L^in^gale sensibilite aux effecteurs de la phosphatase alcaline selon 
son origine a permis de penser que les divers organes renferment 
chacun un enzyme particulier (29c). Divers arguments, k la v^rite 
assez fragiles, ont tout d’abord etaye cette opinion; ils etaient bas^s 
uniquement sur Tinegale sensibilit6 aux effecteurs de la phosphatase 
extraite de diffbrents organes, mais celle-ci demeurait mal d^finie. 
Par exemple, Tenzyme osseux etait consid6r4 par cetains comme 
insensible k Mg’^+, par d^autres comme activable par lui (28a,29c,73). 
Enfin, les faits observes ont 4t4 interpr4t4s comme tenant k la presence 
en proportions diverses de deux phosphatases dans les diff^rents 
tissus animaux; cette opinion, enti^rement hypoth^tique, est bas6e 
sur rin4galit4 d^action de KCN sur les extraits des organes (33a,33b). 

La phosphatase intestinale s^est r4v414e nettement moins sensible 
que celle des autres organes a de multiples effecteurs, entre autres 
les acides amines (29b), les acides biliaires (29c), le formol (1,51, 
103), les esters m^thyliques des deux formes tautom^res de Tacide 
cyanhydrique (79). De m4me, Teffet antiinhibiteur de Co++ vis 
k vis de la phosphatase inhib^e par un exc^s d’acide amin6 se mani- 
feste, en presence de Mg^'^, vis k vis de Tenzyme osseux, non de 
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Tenzyme intestinal (29f). II 6tait d^s lors probable que les enzymes 
des autres organes ne soient pas identiques entre eux. Les essais 
bas6s siir Taction des fluorures, des oxalates, de Tacide cholique, des 
thiols, de Mg'’'+ ont diff^renci^ celui des os (embryonnaires) et, moins 
nettement, ceux du rein et du foie (28,108b). Celui du sarcome 
osseux parait identique 4 celui des os normaux (29f). Divers travaux 
ont eu pour but de mettre en Evidence des caracteres propres k un 
constituant m^tallique particulier sp^cifique d'un organe ou d^un 
autre (29f, 33a-e,75,77,91); Tactivabilit^ par un cation ou la plus 
grande sensibility k un inhibiteur ont invoqu^es k cet effet. Par 
exemple, une forte inhibition par CN“ a consid^r^e comme carac- 
tyristique d’une phosphatase zincique, celle par F“ Tytant d^un 
enzyme magnysien ou calcique. J o fondement expyrimental de 
cette hypothyse demeure insuffisant. Par contre, les i-ysultats acquis 
dans Tytude de Taffinicy des phosphatases alcalines pour le /5-glycyro- 
phosphate de sodium ont permis d<' diffyrencier avec certitude et de 
caractyriser les enzymes hypatique, intestinal, osseux et rynal (111a). 
A pH = 9.7 et k 37°, les valeurs respectiv^es de la constante d^affinity 
de ces phosphatases sont ygales k 550, 200, 880, et 400 (moyennes 
obtenues sur de multiples pryparations k partir de donnyes ne pry- 
sentant pas plus de =±=5% d’ycart). La m^me mythode a conduit 
a la caractyrisation dans le syrum de la phosphatase hypatique au 
cours de la plupart des hyperphosphatasymies (111b). 

La spycificity d^organe de la phosphatase alcaline est done hors de 
doute et il est probable, en raison des diffyrences observyes dans les 
valeurs de Kj^, qu'elle tient k la nature des apoenzymes. Toutefois, 
les propriytys gynyrales de Tenzyme sont identiques quelle que soit 
son origine et seul leur degry, non leur nature, varie d’un tissu 
Tautre. 11 n’est done pas lygitime de continuer k dycrire dans les 
traitys d’enzymologie la phosphatase des os, celle du rein et celle de 
divers organes indypendamment, d’autant que les caractyres qui leur 
sont attribuys sont ceux de pryparations brutes. 

D. EFFECTEURS ET ACTIVITfi SYNTHfiTISANTE 

La formation d’esters phosphoriques par la phosphatase alcaline 
est Tune des ryactions de synthyse enzymatique les plus caractyris- 
tiques, k telle enseigne qu’elle a pu etre proposye comme expyrience 
de cours pratiques dans divers manuels. Rygie par la loi d’action 
de masse, elle aboutit au m^me yquilibre final que Thydrolyse des 
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constituants de Tester (35,65) et sa specificity est identique i celle de 
la reaction inverse. De tr^s nombreux esters ont ete obtenus, et la 
plupart isoies k Tetat pur, par voie enzymatique. Ce sont les 
glycerophosphates, des esters de monols (methanol, ethanol), de 
glycols, de polyols derives des hexoses, du glucose, du fructose, et 
d’autres oses (fructose-1 et 6-monophosphate, fructose-l,6-diphos- 
phate, glucose-, galactose-, et mannose-6-monophosphate) (35,65,78), 
de la choline et de la colamine (104). La phosphorylation directe 
de Tamidon et du glycogenc a ete realisee sans rupture de liaisons 
osidiques, comme dans la glycogenolyse phosphorylante; de meme 
la reaction inverse dephosphorylation de ces polyosides (114). 

L’inter^t de la synthbse enzymatique des esters s’est surtout manifesto dans le 
domainc de la chimie du m^tabolisme, mais les faits observes dans des tissus ou 
dans des syst^mes ineompletementjl4finis sont toujours complexes, car ils tradui- 
sent la r 6 sultante de reactions multiples (transphosphorylations, hydrolyses phos- 
phorylantes), <5tranp;^res k I’activite de la phosphatase, en memo temps que cette 
derniere. Aussi seuls les travaux poursuivis k Taide de preparations de phos¬ 
phatase depourvues de particules cellulaires peuvent-ils 6 tre retenus. L’ 6 quilibre 
de synthase n’est en gendral atteint qu’en plusieurs jours ^ 37° et 4 des pH voisins 
de 8.0-8.5, Tinactivation de Tenzyme empechant Texperimentation en milieu 
plus alcalin. Par ailleurs, on ne pent pas augmenter le rendement en ester de 
la reaction en enrichissant les milieux en phosphates, car, au del^ d’une certaine 
concentration en ceux-ci, Tinhibition par les ions PO 4 se manifeste. C’est 
pourquoi Tetude des activateurs de la synthase enzymatique des esters a ete 
entreprise plut 6 t que celle de ses inhibiteurs. Les extraits bruts d’intestin, de 
rein se sont montre peu sensibles aux effecteurs de Thydrolyse et c’est seulement 
apr^s purification et dialyse que ceux-ci presen tent une activite sur les syntheses, 
parce qu’ils ne se trouvent plus alors en concurrence avec les effecteurs naturels. 

La synthese des esters dans les extraits bruts d^intestin, de foie, 
de rein, est sous la dependance d^un (ou de plusieurs) effecteur na- 
turel. Lorsque ce dernier est eiimine par dialyse k 0°, Tenzyme perd 
presque compietement son activity et il recup^re celle-ci par addition 
du dialysat. La purification de la phosphatase diminue fortement 
la vitesse des syntheses, que Taddition du produit de la dialyse des 
preparations brutes permet alors d'acceierer (137a). La nature 
de Teffecteur naturel n’a pas pu fetre precisee et il est probable qu’il 
s’agit de substances multiples. L^addition de sels de magnesium et 
celle de sels de zinc (S 04 Mg 1 X 10"'* - 1 X 10“^ M et S 04 Zn 1 X 
lO”® AT) A la phosphatase dialysee ou purifiee par precipitation 
acetonique fractionnee conduit k une faible activation; de meme 
celle d'acides amines. L^addition simultanee de ces sels et d^alanine 
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(1 X 10“^ Af) permet, par centre, d^augmenter tr^s fortement la 
vitesse de la reaction sans modifier T^quilibre final (137b). II avait 

par ailleurs remarqu6 que Tautolyse des tissus r^duit Tactivit^ 
synth6tisante de la phosphatase que Ton en extrait et que le dialysat 
de celle-ci est alors peu actif, ce qui rendait improbable que Teffecteur 
naturel soit uniquement constitu6 par un acide amin6 ou un peptide 
et des cations. De plus la presence de combinaisons phosphor^es 
dans les fractions actives du dialysat s^4tait manifest^e. Un recent 
travail de Meyerhof et Green (78) explique ces faits. Les d6riv6s 
phosphoriques renfermant une liaison riche en 4nergie, en particulier 
la phosphocr^atine, acc^l^rent la synthase phosphatasique des esters 
sans modifier T^quilibre final. II apparait que le ^yst^me activateur 
de ce processus d^crit par Roche, Nguyen-van Thoai, et Danzas 
(137a) est constitu^ par un melange d^effecteurs v^ritables (cations 
et peptides) et d’effecteurs apparents (donateurs de phosphate). 

La participation possible de c.orps demeurant Strangers k 
r^quilibre final k la synthase des esters est physiologiquement tr^s 
importante. Du point de vue biochimique, elle permet de com- 
prendre que, lorsque Test^rification enzymatique est rapide, on 
observe fr4quemment- que le taux des esters d6pa88e celui corre- 
spondant a I’^^quilibre, puis retourne k celui-ci. II ne peut en eflet 
en etre ainsi que si un donaieur de phosphate intervient dans une 
reaction autre que Test^rification dirccte, T^quilibre propre k celle-ci 
se r^tablissant par Thydrolyse de Texc^s du produit initialement 
form^. Le caract^re dynamique de cet 6quilibre ne se manifeste 
pas que dans ce ph^nom^ne. Car, non seulement la synthase des 
glycerophosphates conduit k un melange des deux isom^res avec 
une predominance (80%) d'a, mais Thydrolyse du /3-glycerophosphate 
jusqu^^ requilibre en milieu glyceroie va de pair avec une transposi¬ 
tion de Tester non decompose, dans lequel on retrouve pr^s de 90% 
de derive (35). Ces quelques faits suffisent k montrer que Tetude 
de la synthase phosphatasique offre de grandes possibilites de re¬ 
cherche. 

IV. Sur la Constitution de la Phosphatase Alcaline 

Les elements que Ton peut tirer de Tanalyse des preparations 
purifiees de phosphatase alcaline pour eiaborer une representation 
de la structure de cet enzyme et pour discuter son mecanisme d^action 
sont peu nombreux. Aucun coenzyme ou groupement actif ne peut 
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fetre mis en Evidence sur le spectre d’absorption ultraviolette et seule 
une teneur 41ev6e en magnesium des preparations intestinales et 
r^nales les plus actives constitue un caract^re particulier de leur 
composition. Aussi a-t-on cherche k connaitre la nature de Tenzyme 
par d’autres methodes d’^tude, dont les r^sultats doivent fetre ex¬ 
amines avant de coordonner dans une hypothese de travail Tensemble 
des faits acquis. 

A. DISSOCIATION ET RECONSTITUTION DE LA PHOSPHATASE 

ALCALINE 

La stabilite de P0f!ttyme varie avec le pH de ses solutions. Alors 
qu^il s^nactive par denaturation irreversible en milieu alcalin aux 
pH superieurs k 8.5-9.0, son inactivation en milieu acide, k partir de 
pH = 6.0, est reversible, sauf si Tacidite du milieu a depasse pH = 
3.0. L’etude de ce phenomene, entreprise tout d'abord par Albers 
(7a), par Albers, Beyer, Bohnenkamp, et Muller (9), a conduit aux 
faits et aux interpretations suivantes. La conservation des solutions 
de phosphatase alcaline k des pH compris entre 6.0 et 3.0 provoque 
une inactivation progressive. Or, lorsque Ton dialyse les memes 
milieux centre des solutions tampon de ces pH, le melange des frac¬ 
tions diffusible et non diffusible (proteique) restaure une activite 
phosphatasique dont les caract^res sent identiques k ceux de Tenzyme 
initial. La reactivation a ete realisee aussi par addition k la fraction 
proteique de solution enzymatique bouillie (39a) ou de produits 
separes de celle-ci par adsorption sur alumine (42). Elle ne se 
manifeste que lentement; elle evolue en 6 4 8 heures et n'^ lieu que 
si le pH du melange a ete ramene k 7.0 -8.0. Elle ne permet le retour 
k Tactivite phosphatasique initiale que si celle-ci n’a pas ete reduite 
de plus de 70% par la dialyse, et Ton n'observe qu’une restauration 
de 25% du pouvoir phosphoesterasique si Tinactivation a ete totale 
(6a,9). La reactivation complete a ete obtenue dans des conditions 
particulieres (6b). 

Ces resultats pouvaient fitre interpretes comme traduisant la dialyse 
d’un effecteur, mais, d'une part, la cinetique de la reactivation differe 
de celle de toutes les reactions deactivation et, d^autre part, cet 
effecteur devrait presenter une spedficite absolue, car aucun de ceux 
qui sont actuellement connus ne peut le remplacer. On a, des lors, 
coordonne ces faits dans Thypothese que resume le schema suivant 
(7a): 
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fHolophosphatase ] 


(Holophosphatase 1 ^ 


Cophosphatase + 
Apophosphatase 


[ Holophosphatase ] "* 


La phosphatase alcaline serait un ampholyte stable sous la forme 
d^anion et k T^tat iso61ectrique, mais instable sous la forme de cation. 
Ce dernier se dissocierait en un coenz^nne dialysable et un apoenzyme 
prot6ique aux pH inf^rieurs 6.0 et Tun et Tautre se recombineraient 
lorsque leur melange est port6 ^ un pH compris dans la z6ne de 
stability de la phosphatase, entre 6.0 et 8.5. 

Cette conception a r^cemment reprise par Ek, von Euler, et 
Hahn (39a et b), par Abul-Fadl et King (2c) auxquels on doit des 
essais de caract4risation de la cophosphatase. Albers et ses collabo- 
rateurs Tont 4tendue k la phosphatase de pH optimum = 4.0 des 
levures hautes (9), Rulfo (120), Roche, N.-v. Thoai, et Lila (116) 
k celle des organes animaux de pH optimum = 5.2. Des experiences 
que Ton peut consid^rer comme demontrant le transport de la co¬ 
phosphatase sur Tapoenzyme d^une autre phosphatase prealablement 
dissoci4e ont ete realisees selon le principe suivant. Chaque type de 
phosphatase pr^sente une z6ne de stabilite differente dans Techelle 
des pH; on la dissocie en se plagant en dehors de celle-ci et Ton s^pare 
par dialyse Tapoenzyme et le coenzyme. Le melange, k un pH 
compris dans la zone de stability d^une phosphatase, de Tapoenzyme 
de celle-ci et d^un coenzyme, provenant d’lme autre phosphatase 
comme le sien propre, reconstitue la phosphoest^rase ay ant fourni 
la prot^ine. Ainsi la phosphatase r^nale (pH optimum = 9.2) et 
celle des levures hautes (pH optimum = 4.0) ont-elles recon¬ 
stitutes chacune k partir de son apoenzyme et du coenzyme de Tautre, 
lequel a fait Tobjet du “transport^^ schtmatist ci-dessous (9). 

Holophosphatase pH " 6,5 Apophosphatase + Cophosphatase 
de levure ^ de levure (de levure) 


-f Apophosphatase 
de levure pH ■■ 6'.6 


+ Apophosphatase 
r^nale pH -■ 6.6 


Cophosphatase + Apophosphatase pH - 5.5 Holophosphatase 
(r4nale) r6nale ^ rdnale 


Pareil cycle a ttt rtalist h. propos du transport du coenzyme de la 
phosphatase acide de pH optimum = 5.2 du foie sur Tapoenzyme 
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de la phosphatase alcaline (116,120), en sorte qu'il est certain que la 
dialyse de toutes les phosphomonoest^rases k pH convenable permet 
de les inactiver et de recueillir k partir des unes et des autres un 
produit diffusible jouant vis k vis de toutes le r61e d'un coferment 
quelle que soit son origine. L^activit4 catalytique serait li6e k celui- 
ci tandis que la specificity de proprietes (pH optimum, effecteurs) 
de chaque enzyme isodyname reposerait sur son constituant pro- 
teique. 

B. RftACTIVATIQjt DR LA PHOSPHATASE ALCALINE AIT MOYEN 

D’EFFECTEURS 

L’activation par Tion Mg++ a tout d’abord permis de penser que 
celui-ci exerce une influence sur la propriety catalytique du groupe- 
ment actif. Par la suite, les connaissances sur la dissociation des 
enzymes s’etant developpees, on a recherche si des corps consideres 
auparavant comme des effecteurs ne sont pas, en fait, des constituants 
de la phosphatase. L^etude de la reactivation de celle-ci par des 
corps de constitution definie apr^s elimination de fractions, encore 
indeterminees, de sa molecule a ete k cet egard feconde. 

Lorsque la phosphatase intestiriale (chien) purifiee est dialysee k 
37° centre de Teau bidistiliee, elle perd lentement son pouvoir 
glycerophosphatasique, lequel disparait en 30 k 40 jours. Son 
activabilite par Tion Mg + + (S 04 Mg 1 X 10~^ M) augmente en fonc- 
tion de son degre d’inhibition (figure 1, § IC) (104) et il est d^s 
lors legitime de se demander si le metal ne participe pas k la re¬ 
constitution d’un systeme catalytique d’ou la dialyse Ta lentement 
eiimine, ce qu’a montre Tanalyse (30). Dans les m^mes conditions 
Mn^"^ et Zn++ ajoutes chacun k sa concentration optima, produisent 
les m^mes effets que Mg++, ceux de Ca"^"*, Co+’^, et Ni++ etant moins 
intenses. L'action des uns et des autres ne se manifeste d^ailleurs 
regulierement que si Ton a soin de ne pas pousser la dialyse au del4 
de I’inactivation complete de Tenzyme, car cette derniere devient 
alors irreversible (denaturation). Pour Nguyen-van Thoai, Roche, 
et Roger (118b), les cations activateurs sont entierement interchange- 
ables et n^exercent leurs pleins effets qu^en la presence d’acides amines. 
La phosphatase (intestin de chien) (activity initiale, Qp = 23,000) 
totalement inhibee par 15 k 20 jours de dialyse k pH = 5.8 k 37° 
(limite de la zone de stability), est tres faiblement reactivee {Qp = 
3,000) par incubation de 2 heures k pH = 8.8, sensiblement plus si 
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cette operation a r6alis4e en presence de et surtout de 

(Qp = 11,000). L^ncubation en presence d’alanine (1 X 
10“^ M) permet une reactivation plus grande (Qp = 40,000), mais 
Tassociation de Tacide amine k des cations est beaucoup plus efficace, 
principalement en presence de Mn++ et de Mg++ k concentration 
optima (Qp = 170,000-180,000). 

L’etude de la reaction de reactivation a donne lieu aux observations suivantes: 
(1) Tacide amine doit etre incube avec I'enzymo dialyse; son introduction dans 
le milieu apr^s celle du metal et immediatement availt celle du substrat est sans 
effet; (2) le metal peut, par contre, etre ajoute apr6s incubation en presence de 
I’acide amine; (5) cette operation est inefficace ou rnoins efficace si des fluorures, 
des phosphates ou des pyrophosphates sont presents, alors qu’apr^s incubation 
et reactivation par le couple: alanine-Mg, les fluorures et Ics p^^rophosphates 
ne sont pas inhibiteurs et les phosphates ne le sont pas plus que vis ^ vis de 
I’enzyme initial. La signification de ces faits n’est pas simple. L’inactivation 
et la reactivation resident sans doute dans beiimination de constituants metal- 
liques au cours de la dialyse et da.^s la r(‘eonstitution ulterieure d’une metallo- 
proteine. On constate en effet une perte impo.tante en magnesium au cours 
de la dialyse (30) et do Teiectrodialyse (2c) en meme temps quo la phosphatase 
s’inactive. La necessity de I’incubation (time reaction), commune k la reactiva¬ 
tion de nornbreux enzymes (carboxylase, arginase, leucylpeptidases, tyrosine- 
decarboxylase) peut etre reliee soit ^ la reversion de processus de denaturation, 
soit la formation d’une combinaison indispensable k la participation ulterieure 
du metal un complexe. Aucune reponse precise ne peut encore etre faite en 
favour de Tune ou de Tautre hypothese. Quant ^ la nature du metal activateur, 
dans le cadre de ceux etudies jusqu’ici, ellc offre une remarquable absence de 
specificite lorsque Ton a soin d’operer I’incubation en presence du couple: alanine- 
cation. Seules les concentrations optima en sel changent, probablement en raison 
de Tinegale affinite de la proteine pour chacun des divers cations: la reactivite 
maxima a ete atteinte, dans le cas cite plus haut, avec 12 mg. Mg, 4 mg. Ca, 
0.54 mg. Mn et 0.065 Mg* Fe ou Zn pour 60 fig. de proteine. Ajoutons que la 
necessite d’operer une incubation en presence d’un acide amine pour faire reap- 
paraitre I’activite enzymatique doit etre rapprochee du fait que la reactivation de 
“I’apophosphatase” par la “cophosphatase” separee par dialyse n’est pas instan- 
tanee, mais exige plusieurs heures de contact k un pH favorable (7a,9). 

De toute maniere, un ensemble d^experiences montre que la pro- 
t^ine enzymatique, inactiv^e par dialyse, redevient apte k op4rer 
rhydrolyse phosphatasique apr^s addition d’un cation, entre autres 
de Mg'+^+, et d’un acide amin^ (alanine) concentrations convenables. 
II en d^coule que, si Ton doit consid6rer qu’elle ne constituait plus 
alors que I’apophosphatase, le r61e de la cophosphatase pourrait 
6tre tenu par le couple: acide amin6-cation. 



112 


JEAN ROCHE AND NGUYEN-VAN THOAI 


C. HYPOTHESES SUR LA CONSTITUTION DE LA PHOSPHATASE 

ALCALINE 

Comme pour tout enzyme les probl^mes pos4s par la structure de la 
phosphatase sont n^c^ssairement li4s k ceux pos^s par son mode 
d’action. Or, les travaux de Bamann et de ses 416ves ont apport4 k 
r^tude de celui-ci une contribution d’un haut interSt en d^crivant 
des ^'mod^les de phosphatase^' de composition connue. Dans une 
premiere s4rie de recherches Bamann (16), puis Bamann et Meisen- 
heimer (20b) ont 6tabli que les hydroxydes colloidaux de multiples 
m^taux d4doublegJ|, les glycerophosphates en milieu faiblement 
alcalin, k un pH optimum voisin de 9.0 dont I'existence est sans 
doute \i^e k la dissolution et k la flocculation des hydroxydes. 
Ceux de multiples terres rares, du cerium, du neodyme, du praseo- 
dyme, de Tyttrium, du thorium, du zirconium, sont les plus actifs; 
ceux du manganese, du fer, des alcalino-terreux le sont peu. Nous 
avons pu confirmer ces faits. Bamann et Nowotny (21) leur ont re- 
comment apporte un complement. Ils ont montre que le /3-glycero- 
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phosphate de lanthane en suspension aqueuse s’hydrolyse spontan6- 
ment It pH = 9.5 et k 37° (13.5-19.1% en 1 jour, 35.6-46.2% en 5 
jours), dans des conditions oh les glycerophosphates alcalins ou 
alcalino-terreux sont stables. Le m^tal serait Tagent de cette auto- 
catalyse car ^4a formation du sel rend instable la liaison ester dans 
la moiecule^^ et ‘‘rinduction^^ (21a) de Thydrolyse s’opererait selon 
le schema L 

Cette interpretation illustre un mecanisme possible de la catalyse 
phosphatasique envisagee comme mettant en jeu des valences 
primaires (Hauptvalenzkatalyse). Elle rejoint Tune des hypotheses 
faites pour expliquer le mecanisme de Tactivation par le magnesium, 
laquelle apparait comme de meme nature que celle due aux autres 
cations divalents. Enaction de Mg++atout d'abord ete consideree 
comme indirecte et due It une protection contre Tinhibition par les 
phosphates liberes au cours des hydiolyses enzymatiques (33a,41,57). 
Elle a par ailleurs ete rattachee k la formation d’un complexe actif: 
enzyme-magnesium (63) et Tune des opinions emises pour expliquer 
le r61e de celui-ci dans la catalyse phosphatasique est la suivante. 
L'activation du substrat S s^opererait par combinaison avec le 
magnesium, le compose “SMg*^ donnant avec Tenzyme E un compose 
facilement dissociable ■^E-Mg-S~ (26). En outre il a ete observe que 
la phosphatase intestinale presente k pH 9.2 une augmentation de son 
affinite pour le substrat quand on enrichit en magnesium son milieu 
d^action (112a) et qu’elle s'unit aux esters k Tetat de molecule non 
dissociee (66). Un ensemble de fails apporte done une presumption 
en faveur de la participation d^un metal k la catalyse enzymatique et 
Ton a ete conduit It admettre que la phosphatase alcaline est une 
metalloproteine. 

Nous avons It diverses reprises signaie la presence de magnesium 
et de traces de zinc dans les preparations des enzymes intestinal et 
renal, en sorte que le premier de ces metaux a souvent ete considere 
comme le constituant mineral de la phosphatase (33a,41,63,75). 
Toutefois, de nombreux auteurs ont conclu de Tactivation par d^autres 
cations que Mg+'^ que Tenzyme renferme du zinc (77,91), du man¬ 
ganese ou du cobalt (33c,d,e) dans certaines cellules. La meme 
deduction a paru legitime pour expliquer la diversite d’action des 
cyanures et des fluorures dans les extraits de differents organes (75). 
L^nterchangeabilite des cations divalents en tant qu'agents de 
reactivation de Tenzyme totalement inhibe par dialyse n^est pas en 
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faveur du role sp^cifique de divers m^taux en tant que constituants 
d’enzymes particuliers, ni m^me de la diversity de ceux-ci dans les 
phosphatases de diff^rents tissus. Autant il est exp^rimentalement 
possible de remplacer le magnesium dans la carboxylase de levure par 
d’autres cations divalents lorsque Ton reconstitue cet enz3ane k 
partir de sa prot6ine sp4cifique, de la cocarboxylase et de 
ou de Co+'‘', Mn'^+j Zn++, autant Tenzyme naturel ne renferme-t-il 
jamais que le premier de ceux-ci. En fait, le magnesium parait 
etre le constituant mineral de la phosphatase alcaline des tissus 
animaux; il est possible qu'il y soit partiellement ou totalement rem- 
plac6 dans certaines conditions par le zinc ou le manganese, le premier 
paraissant etre present dans certaines preparations bacteriennes. 
Il est par ailleurs peu probable que la specificite d’organe de la phos¬ 
phatase alcaline tienne k son constituant metallique; elle relive 
plutot de proteines sp^ciAques. 

Une conception plus complexe a 6 t 6 eiabor^e par Cloetens (33c,d,e) et ne nous 
semble pas m4riter de conserver la faveur dont elle jouit encore, malgr^ les 
critiques formul4es k son 6 gard (118b). Selon cette th^orie, Tapoenzyme E 
serait porteur de trois groupements actifs Gi, G 2 , et G 3 (pouvant aussi etre fix 6 s 
e, un meme coenzyme). Pour que la phosphatase soit active, Gi et G 2 doivent 
etre unis k deux m 6 taux Mi et M.. Quant h Gj, libre dans Tenzyme purifie, sa 
combinaison k un metal M 3 pro/o({ue rinhibition et le schema suivant repre-- 
senterait la phosphatase alcaline: 

/Gi—Ml 

E( G 2 —M, 

Ml se detacherait par dialyse centre COiNalT, avec perte progressive de Tactivite 
enzymatique (jusqu’it 98%); il pourrait etre remplace par Mg + +, Mn^^, Ca 
Ni^"^, et Co^^, tous reactivateurs. M 2 ne pourrait etre eiimine que par dialyse 
contre KCN 1 X 10 M k pH = 9 0, avec inactivation partielle, reversible par 
addition de Zn + '*, Co + ^, et Hg + +. Lorsque M 2 a ete eiimine, la fixation de Mi 
sur G 2 provoque une inhibition et detix metaux seraient necessairement presents, 
chacun dans un groupement actif particulier, Texistence d’une concentration 
optima d’effecteur metallique s’expliquant soit par le blocage de Gi et de G 2 par 
un meme metal, soit par la fixation de celui-ci sur G3. Or, si ce mode de repre¬ 
sentation est compatible avec de nombreux faits observes sur des preparations 
non purifiees, il ne Test pas avec la reactivation, au moyen d’un seul cation de 
Tenzyme totalement inactive par dialyse, operation qui conduit k Tobtention 
d^activites enzj^matiques beaucoup plus grandes que celles existant au debut de 
I’experience (118b). Le principal argument sur lequel repose la theorie de la 
necessite de deux metaux (magnesium et zinc pour Tenzyme renal) pour assurer 
la catalyse phosphatasique est la suivante. La phosphatase renale dialysee 
six jours k pll = 9.0 contre KCN 1 X 10“^ 4 0 °, puis quatre conire COsNaH 
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2 X 10“* M n’est presque pas r6activable par Mg^^, mais le devient si elle a 
au pr^alable incubde en presence de tr^js peu actif par lui mtoe. En 

r<3alit6, r^limination de CN“ fix6 une prot^^ine est totale uniquemcnt aprfes de 
trfes longues dialyses et il est probable que 1’observation de Cloetens traduit 
seulement une antiinhibition par la zinc, le cobalt ou le mercure. Elle peut en 
effet ^tre r4p4t6e dans les conditions d^crites par lui, mais non apr^s une dialyse 
de dur^e plus longue; un seul cation en presence d’un acide amm4, 4 concentration 
convenable de Tun et de I’autre suffit alors k r^activer Tenzyme au maximum. 

La dissociation d’un constituant m^tallique de la phosphatase 
alcaline ne peut, k elle seule, expliquer son inactivation par dialyse ou 
^lectrodialyse, et par adsorption et la question de Texistence d^un 
coenzyme organique s’est logiquement pos^e. La fraction coenzymati- 
que s4par4e par Albers et ses collaborateurs au moyen de la dialyse en 
dehors de la zone de stability (9), celle obtenue par von Euler et 
Fon6 (42) au moyen de Tadsorption sur alumine ou dans des prepara¬ 
tions inactiv^es par ebullitior, renferment un constituant actif en 
tant que r^activateur de Tapoenzyme, mais dont les cendres sont 
inefficaces. Le fractionnement de ce produit par ultracentrifugation 
a permis de localiser son constituant actif dans une molecule de poids 
moieculaire compris entre 500 et 1500 (valeur moyenne adoptee: 
900) et il est possible que celui-ci soit un hexapeptide (39b). A la 
verite c^est seulement en raisonnant par analogie avec la substitution 
de peptides ou d’acides amines au produit organique naturel que 
cette derniere hypoth^se a pu etre emise. Le fait que la substance 
active est stable k ebullition entre pH = 1.5 et 13.0 est plutot en 
faveur de Fexistence d’une molecule plus simple. 

Les effets du ‘‘coenzyme” ne se manife.stant intens6ment qu’en la presence 
d’un cation divalent, entre autres de Mg + ^, il etait important de suivre Tinactiva- 
tion et la reactivation de la phosphatase en fonction des deux constituants aux- 
quels on pouvait rattacher le pouvoir phosphatasique des preparations. Abul- 
Fadl et King (2c) ont constate que la teneur en azote proteique des preparations 
de phosphatase renale demeure constante pendant les 15 premieres heures d’eiec- 
trodialyse, puis diminue progressivement jusqu’ti une valeur pratiquement fixe; 
atteinte en 34 heures. L’activite enzymatique diminue faiblement pendant la 
premiere periode et devient peu k peu tr6s minime vers la trentieme heure. La 
reactivation par Mg'^'^, constante j usque vers la Ififeme heure, disparait peu k 
peu; elle ne se manifeste plus apr^s 30-36 heures. Le liquide du compartiment 
anodique de Teiectrodialyseur est k cet egard inefficace. Celui du compartiment 
cathodique est seul actif, surtout en presence d’acetate de magnesium 1 X 10“* 
Af; son extrait sec renferme 15% de cendres riches en magnesium, mais de- 
pourvues de zinc et de calcium et les produits organiques presents sont trfes riches 
en azote (20% environ). La dialyse prolongee contre eau bidistiliee a donne des 
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r4sultats identiques en ce qui concerne la phosphatase intestinale, laquelle perd 
une partie importante de son magndsium et de son azote en m^me temps qu’elle 
s’inactive (30,105, et donn^es in6dites). N^anmoins, iJ est certain que la totality 
du magnesium present n’est pas directement li6e ^ Tactivit^ phosphatasique, car, 
d’une part, la fraction non dialysable en renferme encore au moment de son 
inactivation totale (reversible par addition du dialysat) et, d’autre part, le rapport 
entre la teneur en magnesium et le pouvoir hydrolysant des preparations purifiees 
n'est pas constant. 

La coordination la plus satisfaisante de ces diverses observations 
paralt 6tre la suivante. L’hypothese initialement formulae par 
Albers et ses collafeorateurs (9), a savoir que la reactivation de 
Tenzyme k partir de ses produits de dissociation (proteine et dialysat) 
correspond k sa reconstitution n^est pas illogique. D^s lors, trois ele¬ 
ments peuvent etra associes dans la molecule de phosphatase alcaline: 
une proteine, un metal divalent, et un corps organique de faible poids 
moieculaire paraissant etre un peptide ou un acide amine: la pre¬ 
miere est rigoureusement specifique, le metal et le corps organique 
sont au contraire rcmpla^ables, Tun par divers cations, Tautre par 
des acides amines ou des peptides multiples. Le probieme dont la 
solution doit etre recherchee est le mode de combinaison de ces trois 
elements dans la molecule de phosphatase et leur r61e respectif dans 
la catalyse. II pent etre envisage a partir de nos connaissances sur 
d^autres enzymes k metal dissociable (c/. 102d). Dans le cas de la 
carboxylase des levures, Tapoenzymc et le coenzyme organique sont 
rigoureusement specifiquos et le metal naturel (Mg) est rempla- 
gable par divers cations divalents (Kubowitz et Liittgens, G9,; 
Green, Herbert, et Subrahmanyan, 52); le groupement actif est alors 
porte par I’aneurinediphosphate et le metal participerait k la combi¬ 
naison de Tapoenzyme au coenzyme. Le cas de Targinase hepatique 
est, comme celui des peptidases (74), sans doute plus voisin de celui de 
la phosphatase alcaline. Le manganese, constituant naturel de 
Targinase (Edlbacher et al,), peut en etre reversiblement dissocie 
et, par ailleurs, etre remplace par d'autres metaux divalents; mais 
aucune coarginase specifique n'a pu etre mise en evidence. L’etude 
de la combinaison de Tenzyme au substrat a conduit Richards et 
Hellermann (98), Roche et Mourgue (110) k admettre que le man¬ 
ganese jouait un role dans la fixation du substrat k Tenzyme dans 
une position le rendant accessible au groupement actif, done seul de 
pouvoir catalytique et appartenant k Tapoenzyme. L’interchange- 
abilite du metal et de Tacide amine (ou du peptide) qui reactivent la 
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phosphatase totalement inhib^e par dialyse nous a longtemps paru 
impliquer que ni Tun, ni I'autre ne participent au groupement actif. 
Le recent travail de Bamann et Nowotny (21) rend plausible le fait 
que le premier soit, au contraire, important k cet 6gard, la catalyse 
6tant li4e k sa combinaison au substrat. L^hydroxyde de ce m6tal 
et de ceux qui r^activent Tenzyme est pratiquement inactif au regard 
de celui des terres rares, mais le pouvoir catalytique des m^taux 
presents dans les enzymes est toujours li4 k leur combinaison dans 
une molecule organique. 

L^4tude de la dissociation reversible de la phosphatase et celle de 
son activation et de son inhibition sugg^rent que le m^tal y est 
compris dans un complexe dissociable auquel participent des groupe- 
ments amines de I’apoenzyme. L’existence de ce complexe serait 
liee k requilibre: 

[Prot4ine-Mg) x ' . — — ^ [ProtdineiqMg"*"^] 

dont la position et celle des ^quilibres avec de multiples effecteurs: 

[Prot4ine-Mg-Effecteurs] ^ - - [Pi ot6ine-Mgl'[Effecteurs ] 

r^giraient Pactivit6 phosphatasique dans les cellules. II ne semble 
pas que Ton doive attribuer le r61e de coenzyme, c’est k dire de support 
du groupement actif, aux produits organiques dissociables, ni k ceux 
susceptibles de les remplacer; les uns et les autres n’interviennent 
sans doute dans les processus de reactivation que pour reconstituer 
un complexe metallique dans lequel ils sont associ^s k Papoenzyme. 
Tout se passe comme si la proteine specifiquo, une fois liberee de sa 
combinaison magn^sienne par dialyse, etait alors assez instable et 
perdait lentement un fragment peptidique, anterieurement combine 
au metal dans le complexe. La reconstitution de celui-ci pourrait 
avoir lieu indifferemment avec la totalite de ses elements naturels 
ou avec un apoenzyme incomplet et des acides amines ou des peptides 
quelconques, k condition que la position du metal par rapport k 
certains groupements de Papoenzyme demeure la rndme. II n’existe- 
rait pas alors de coenzyme organique, Pactivite catalytique etant 
devolue au magnesium au sein d’un complexe dont la structure de la 
proteine enzymatique determinerait les proprietes. 

y. Conclusions Generales 

L^expose d'une partie de la biochimie de la phosphatase alcaline 
suffit k montrer combien de probiemes demeurent ouverts dans Petude 
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de cet enzyme. Celle-ci ne saurait progresser qu^en tenant compte 
de la n4cessit6 d’op6rer sur des produits aussi purifies que possible 
pour que Tinterpr^tation de ses r^sultats soit claire; T^re de 
r^tude descriptive des extraits de tissus dou6s d’activit^ phosphata- 
siques est r^volue. Le plus urgent des buts k atteindre est la prepara¬ 
tion de Tenzyme pur, sans laquelle rien de definitif ne sera etabli en 
mati^re de composition—et aussi sans doute de structure—de 
Tenzyme. Mais les recherches consacr^es k la phosphatase alcaline 
ne pr^sentent pas qu’un interet limite a cette phosphomonoesterase. 
holies font necessairement partie d’un ensemble portant sur les 
diverses phosphatases et, par 1^ m^me, sur le probl^me de la nature 
de I’activite phosphatasiquc et des facteurs qui determinent ses 
modalites (specificite de pH optimum des diverses phosphatases 
isodynames, sp4cificit6 de substrat). A cet 4gard le “transport de 
coferment” hypothdtique (9) demeure inexpliqu^. II est peu probable 
que Ton doive admettre (7b) qu41 existe un 6quilibre cellulaire entre 
les divers apoenzymes des phosphatases alcaline et acides et une 
cophosphatase unique, mais le probl^me d’un m4canisme g4n6ral 
de I’activation des phosphatases isodynames doit 6tre consid6r6 
comme pos4 par les faits observes. Enfin, T^tude de la phosphatase 
alcaline est susceptible d’avoir une portae plus g^n^rale encore, car 
ses r^sultats n’ont leur pleine signification que dans le cadre de la 
biochimie des enzymes k m^tal dissociable, dont Timportance croit 
sans cesse depuis le premier travail que leur ont consacr^ Warburg 
et Sakuma (145). 
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I. Introduction 

It has been demonstrated within the last several years that some 
species of bacteria possess an enzyme which catalyzes the phos- 
phorolytic decomposition of the disaccharide, sucrose, with the pro¬ 
duction of ftlucose 1-phosphate and fructose. The reaction is revers¬ 
ible and may be written as follows: 

sucrose 4- orthophosphate ^ glucose 1-phosphate + fructose 

This enzyme has been named ''sucrose phosphorylase.^^ It occurs 
in Leuconostoc mesenteroides (31), Pseudomonas saccharophila (6), and 
Pseudomonas pvirefaciens (13). The glucose 1-phosphate produced 
in the reaction can enter the well-known glycolytic series of reactions, 
as shown by the presence of the enzymes, phosphoglucomutase and 
phosphohexoisomerase, in P. putrefaciens (13). These enzymes are 
responsible for the successive transformation of glucose 1-phosphate 
to glucose 6-phosphate and fructose 6-phosphate. Although a phos- 
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phorylase catalyzing the synthesis of polysaccharide from glucose 
1-phosphate has not been demonstrated in P, putrefaciens, it is pos¬ 
sible that the reserve carbohydrate may be synthesized directly from 
glucose 1-phosphate produced in these organisms. 

An analogous mechanism for the utilization of maltose by Escher¬ 
ichia coli involves the participation of the enzymes, amylomaltase, 
phosphoglucomutase, and phosphohexoisomerase (12,41). The 
amylomaltase transforms maltose directly to polysaccharide and 
glucose, the polysaccharide being further metabolyized through the 
usual glycolytic patiwvay as follows: 

amylomaltas* 

Maltose ; — polysaccharide + glucose 


phosphate 


(phosphorylase) 


glucose 1-phosphate 

(phosphoglucomutase) 

glucose 6-phosphate 

(phosphohexoisomerase) 

fructose 6-phosphate 


etc. 

Both sucrose phosphorylase and amylomaltase are enzymes that 
catalyze an exchange of glycoside linkages. This type of reaction 
appears to be fairly widespread in nature and may be involved in the 
synthesis of various disaccharides and polysaccharides (26). 

II. Preparation of the Enzymic Extract from Pseudomonas 

saccharophila 

Sucrose phosphorylase is an ^'adaptive enzyme,” formed only if 
P. saccharophila is cultured with sucrose or raffinose as substrate. 
The enzyme is not formed when glucose, fructose, xylose, maltose, or 
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trehalose is used as a carbon source. The production of phosphorylase 
can be attributed to the fact that sucrose is formed as an intermediate 
product of raffinose metabolism. In this process the raffinose appears 
to be hydrolyzed to sucrose and galactose by melibiase (7). 

When sucrose or raffinose is oxidized by intact cells of P. saccharo- 
philGj glucose 1-phosphate accumulates within the cells, indicating 
that sucrose phosphorylase is involved in the metabolism of these 
carbohydrates (7). Glucose 1-phosphate cannot be detected in the 
bacteria during the oxidation of glucose, trehalose, and melibiose. 

Sucrose phosphorylase preparations can be readily obtained by growing P. 
saccharophila in a mineral medium with sucrose as the sole source of carbon, dry¬ 
ing of the cells in vacuo over P 2 O 5 and suspending the material in phosphate or 
bicarbonate buffer at pll 6.6-7.0 (5). 

The extracts contain, in addition to sucrose phosphorylase, other enzymes, 
especially invertase and phosphatase. Since the presence of these enzymes inter¬ 
feres with the study of the properties and action of sucrose phosphorylase, it is 
necessary to remove the invertase and phosphatase. This can be accomplished 
by separation of the extract from the insoluble debris by centrifugation, followed 
by precipitation of the enzyme from the extract with ammonium sulfate. The fol¬ 
lowing method has been used for active sucrose phosphorylase preparations which 
were practically devoid of interfering enzymes. 

Cultures of P. saccharophila Doudoroff (4) are grown in a liquid medium con¬ 
taining Af/30 KH 2 P 04 Na 2 HP 04 (Sdrensen phosphate buffer at pH 6.64), 0.1% 
NH 4 CI, 0.05% MgS 04 , 0.005% FeCb, 0.001% CaCb, and 0.3% sucrose at 29°C., 
with constant agitation to provide ample aeration. Under such conditions almost 
50% of the carbon content of sucrose is converted into cell material, the remainder 
being oxidized to carbon dioxide. Traces of reducing sugar appear in the medium, 
as well as occasionally small amounts of pyruvic acid, which disappears in the 
later stages of development. The cells are harv(?sted by centrifugation, washed 
twice with distilled water, and dried at room temperature in vacuo over P 2 O 6 . 

The dry cells are extracted twice with Af/30 S0rensen phosphate buffer at pH 
6.64. For each extraction, the cells are well dispersed in about 10 ml. of buffer per 
gram of bacteria either by grinding in a mortar or by agitation in a Waring 
Blcndor, and centrifuged out after 20 minutes at room temperature. The com¬ 
bined supernatants are then treated with ammonium sulfate at 0.8 saturation and 
kept at +5° for several hours. The precipitate is collected by centrifugation, 
resuspended in the original volume of buffer, and treated for 1 hour at 5® with 
0.3 saturated ammonium sulfate. The precipitate is discarded, and the super¬ 
natant is brought up to 0.63 saturation of ammonium sulfate and stored at 5® 
for three days or longer. During storage the interfering enzymes are inactivated 
while the precipitate retains most of the phosphorylase activity. Enzyme solu¬ 
tions can be prepared by suspending the precipitate in phosphate, citrate, or 
bicarbonate-carbonate buffers at pH 6.4-7.0. If the preparations are not clear, 
the fractionation with ammonium sulfate can be repeated and the material that 
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is insoluble in buffer can be removed by centrifugation. If the presence of phos¬ 
phate is not desired in the final preparation, the enzyme can be roprecipitated 
several times from Af/30 citrate adjusted to pll 6.64. Enzyme preparations can 
be dialyzed against tap water with little loss of activity but are inactivated by 
dialysis against distilled water. 

III. Synthesis of Sucrose through Mechanism of 
Phosphorolysis 

The nature of the mechanism of sucrose formation has been of spe¬ 
cial interest and the object of intensive investigation. The enzyme 
invertase or /3-fruct^«idase which hydrolyzes sucrose to glucose and 
fructose is widely distributed in plants. This enzyme was considered 
for a long time as having the double role of a hydrolytic and synthetic 
enzyme (34a,42), and the formation of sucrose was assumed to occur 
as a result of reversed inversion. However, attempts to demonstrate 
synthesis of sucrose by invertase were not successful (36). Since it 
is known that the ecpiilibrium lies far in the direction of hydrolysis, 
and inasmuch as reversal of the reaction to a detectable extent has 
not been achieved, it does not seem possible that invertase partici¬ 
pates in sucrose synthesis in the plant (8). 

The fact that leaves of sucrose-producing plants such as beets and 
peas were found to contain c* )nsiderable amounts of hexose phosphates 
suggested that sugar phosphates might V )0 involved in the mechanism 
of sucrose formation and that phosphorylation is an essential step in 
this process (2,19,35). Furthermore, it was shown that iodoacetate 
which is known to inhibit phosphorylation, also inhibits sucrose syn¬ 
thesis in plants (34), indicating that this process is essential for sucrose 
synthesis. That the synthesis of sucrose can actually take place 
through the mediation of a phosphorolytic mechanism has been shown 
by the work of Doudoroff, Kaplan, and Hassid (6) with the enzyme 
from Pseudomonas saccharophila. It was found that dried cells of 
this microorganism contain an enzyme which catalyzes the breakdown 
of sucrose in the presence of inorganic phosphate with the formation 
of D-glucose 1-phosphate (Cori ester) and D-fructose. It was also 
demonstrated that this reaction is reversible, that is, the same sucrose 
phosphorylase will catalj^ze the synthesis of sucrose from glucose 1- 
phosphate and fructose. 

The dried bacteria also contain the hydrolytic enzyme, invertase,. 
which competes with the sucrose phosphorylase for sucrose. However, 
most of the invertase can be eliminated from the bacterial preparations 
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by treatment with ammonium sulfate. Using a partially purified 
sucrose phosphorylase preparation and a mixture of glucose 1-phos¬ 
phate and fructose, Hassid, Doudoroff, and Barker (20) succeeded 
in crystallizing a nonreducing disaccharide which is identical with 
natural sucrose. 

Similar to the process of phosphorolysis of glycogen and starch (16, 
3), the formation of glycose 1-phosphate and fructose from sucrose and 
inorganic phosphate may be considered to occur as the result of phos- 
phorolytic cleavage of glucose from the sucrose molecule, the sucrose 
being disrupted without water entering into the reaction. The re¬ 
verse reaction, the formation of sucrose from glucose 1-phosphate 
and fructose, takes place as the result of ‘‘dephosphorolytic’^ conden¬ 
sation of the two monosaccharides, 'l^he reversible phosphorolysis of 
sucrose can be represented as shown in S(‘heme 1. 


0 



Scheme I 

Phosphorolysis of Sucrosf 

In the presence of the sucrose phosphorylase from Pseudomonas 
saccharophila, glucose 1-phosphate and fructose enter into an equilib¬ 
rium with sucrose and inorganic phosphate, the glucose 1-phosphate 
and the inorganic phosphate entering as divalent ions. 

It has been demonstrated that the addition of inorganic arsenate 
to sucrose phosphorylase will catalyze the hydrolytic decomposition 
of sucrose (9) according to the reaction: 

sucrose phosphorylase 

Sucrose -f H 2 O- > glucose + fructose 

Similarly, arsenate in the presence of sucrose phosphorylase will 
decompose glucose 1-phosphate to glucose and inorganic phosphate. 

As with starch phosphorylase from potato (33), apparently an un¬ 
stable intermediate, glucose 1-arsenate, is formed which does not 
accumulate but is decomposed to glucose and inorganic arsenate. 
The system, enzyme + arsenate, becomes a catalyst which behaves 
both as an invertase and as a phosphatase. 
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As in the formation of glycogen and starch, the energy needed for the 
formation of the glycosidic bond in sucrose may be derived from 
utilization of the energy-rich phosphate bonds of compounds such as 
adenosine triphosphate. The glycosidic bond energy is approximately 
equal to the difference between free and ester-bound phosphate, being 
approximately 3000 cal. (37,32,40). From calculation of the equilib¬ 
rium constant of the phosphorolytic reaction, the sucrose bond 
appears to be on a higher energy level than the ordinary glycosidic 
or phosphate ester bonds. 

It is tempting tojjypeculate that the formation of sucrose in higher 
plants occurs through a mechanism similar to that for the formation 
of starch. The energy for this synthesis would be derived from energy- 
rich compounds in accordance with the following scheme: 

Adenosine triphosph<ate -f glucose 


glucose 6 -phosphate + fructose 


glucose l-phosphat(‘ -f fructose sucrose -f- H 3 PO 4 


polysaccharide + H3PO4 

There is no evidence, however, that synthesis of sucrose in higher 
plants takes place through an identical mechanism with that of sucrose 
formation by the bacterial sucrose phosphorylase (8). At equilibrium, 
the catalyzed reaction favors the breakdown rather than the synthesis 
of sucrose. The equilibrium constant of the reaction, expressed as 

_ (sucrose) (phosphate) 

(fructose) (glucose 1 -phosphate) 

is approximately 0.05 at pH 6.6 and 30®, and increases slightly at lower 
pH values. Yet, many higher plants produce very high concentra¬ 
tions of the disaccharide in the virtual absence of the phosphorolytic 
products. It is clear if the equilibrium reactions postulated in the 
above scheme were involved, sucrose would occur only as a minor 
product. 
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However, biochemical studies on various plants support the view 
that the synthesis of sucrose may involve a reaction in which phos¬ 
phate esters of glucose, fructose, or both hexoses may serve as sub¬ 
strates. 

It is known that in the absence of photosynthesis aerobic metab¬ 
olism is necessary for the formation of sucrose by higher plants 
(18,38). Aerobic oxidations may provide the energy for the phos¬ 
phorylation of the substrates involved in the synthesis of sucrose. 

IV. Specificity of Sucrose Phosphorylase 

Sucrose phosphorylase of Pseudomonas saccharophila is specific with 
regard to the glucose portion of its substrates. The enzyme is inca¬ 
pable of combining either a-D-galaotose 1-phosphate, a-D-mannose 1- 
phosphate, a-D-xylose 1-phosphate, or a-L-glucose 1-phosphate 
(39,43) with fructose or decomposing raffinose (melibiose 1-fructoside).^, 
A slight reaction has been observed between a-maltose 1-phosphate 
and fructose, but the nature of the reaction has not been elucidated. 

On the other hand, the enzyme is tar less specific with regard to 
substituents for the second sucrose component, D-fructose. The 
sucrose phosphorylase can catalyze the synthesis and decomposition 
of several nonreducing disaccharides (sucrose analogs) and of one 
reducing disaccharide of an entirely different configuration. These 
disaccharides have been synthesized by allowing sucrose phosphory¬ 
lase to act on mixtures of glucose 1-phosphate with various sugars. 
The following reactions have been demonstrated to occur: 

(1) a-D-glucose 1-phosphate + L-sorbose ^ .. - - 

a-D-glucopyranosyl-a-L-sorbofuranoside + phosphate (21) 

(2) a-D-glucose 1-phosphate -f- D-xyloketose — , — . ' l 

a-D-glucopyranosyl-/3-D-xyloketofuranoside -+* phosphate (22) 

(3) a-D-glucose 1-phosphate + L-araboketose — .. ~ 

a-D-glucopyranosyl-a-L-araboketofuranoside* -f- phosphate (11) 

(4) a-D-glucose 1 -phosphate L-arabinose ;- 

3- [a-D-glucopyranosyl]-L-arabinopyranose -f phosphate (11,23) 

It appears, therefore, that the same enzyme can catalyze at least 
two diverse reactions: one involving the carbonyl group on the sec¬ 
ond carbon atom of a ketose and another involving the secondary 
alcohol group of the third carbon atom of an aldose. 

* The linkage pertaining to the L-araboketoside part of this disaccharide was 
incorrectly designated in the original publication (Ref. 11) as the /S-type, 
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The first three of the synthetic disaccharides are nonreducing, easily 
hydrolyzable with acid, and are structurally related to sucrose. 
Formulas III, IV, and V show the close similarity in structures of these 
disaccharides and sucrose (see II). It is noteworthy that in all of 
these disaccharides, the kctose portion exists in the furanose form 
(five-membered ring). The fourth disaccharidc (see VI), however. 



H OH OH H 

(II) Sucrose («-D-glucopyranosyl-j8-D-fructofuranosielc) 


CH,OH 



CHgOH 


CHoOH 



H OH OH H H OH OH H 

(III) a-D-glucopyranosyl-a-L-sorbofuranoside 

(IV) a-i)-gluc()pyranosyl-/j-D-xyloketofuratiosido 



(V) a-D-glucopyranosyl-a-L-araboketofuranoside 

(VI) 3- [a-D-glucopyranosyl |-ii-arabinopyranose 


has very different properties and a strikingly different structure than 
any of the others. It is reducing and is difficultly hydrolyzable with 
acid; it possesses a 1,3-linkage in which the glucose residue is bound to 
an alcoholic carbon rather than to a carbonyl carbon as in sucrose. 
This striking difference between the nonreducing disaccharides and 
the reducing disaccharide synthesized with preparations of sucrose 
phosphorylase led at first to the suspicion that a different phosphory- 
lase might be involved in the reaction with L-arabinose. However, 
from the consideration of the results of a number of experiments (11), 
this possibility appears to be extremely remote. There is good reason 
to believe that the same enzyme is involved in both reactions. 
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The relative rates of the enzymic synthesis of sucrose and a-D- 
glucosyl-L-arabinose were found to be constant during purification, 
fractional precipitation, and partial heat inactivation of the enzyme. 
Furthermore, the enzyme responsible for the utilization of L-arabinose 
was produced by the bacteria in response to the presence of sucrose, 
but not of other sugars, including L-arabinose, in the medium. Fi¬ 
nally, L-arabinoso was shown to compete with fructose for the enzyme, 
since its addition was found to decTease the total rate of glucose 1- 
phosphate utilization when fructose was present in high concentra¬ 
tion. On the other hand, at low concentrations of D-fructose, which 
normally do not saturate the enzyme, the addition of L-arabinose was 
found to increase the total rate of decomposition of glucose 1-phos¬ 
phate. 

A number of other (carbohydrates were tested as possible substrates 
for disaccharide formation by means of sucrose phosphorylase in the 
presence of glucose I-phosphate. The following sugars showed little 
or no reacction with this ester: dihydroxyacetone, erythrolose, d- 
xylose, D-lyxose, D-arabinosc, L-xyloketose, D-araboketose, L-fucose, 
L-rhamnose, D-glucose, D-mannose, n-galacctose, L-fructose, D-taga- 
tose, D-mannoheptulose, D-fructosc ()-phosphate, D-fructose diphos¬ 
phate, and turanose. 

V. Structure of Synthetic Disaccharides 

A. SYNTHETIC SUCROSE 

Synthesis (jf sucrose can be readily achieved from a mixture of glu¬ 
cose 1-phosphate and fructose by means of an enzymic extract from 
P. saccharophila. The reaction is carried out at pH 6.8 and 37® in the 
presence of barium acetate. The inorganic phosphate and the excess 
esterified phosphate are removed from the mixture by alcohol pre¬ 
cipitation; the unreacted fructose is fermented out with Torula mo- 
nosa. The solution containing the sucrose is further purified by pass¬ 
ing it through ion exchange columns and crystallized by concentration 
of the solution to a sirup and addition of absolute alcohol. 

The synthetic sucrose (20) possesses properties identical with those of natural 
sucrose. Its empirical formula obtained by elementary analysis is C 12 H 22 O 11 . 
It does not reduce Fehling solution, but after acid or enzymic hydrolysis the 
phenylosazone obtained from the inversion mixture is D-glucosazone; the hydrol- 
yzate also gives a positive Seliwanoff reaction. The reducing value after hydroly¬ 
sis and the yield of n-glucose and D-fructose are theoretical for invert sugar. The 
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specific rotation [^Jd -f66.5° is changed after inversion to —20®. The synthetic 
product and natural sucrose give an identical x-ray diffraction pattern and the 
synthetic sucrose is hydrolyzed with acid at the same rate as the natural sugar. 
An octaacetate derivative prepared from the synthetic sugar has a specific rota¬ 
tion [ajo +60® in chloroform and a melting point of 69-70®. These constants 
agree with those of natural sucrose 

Owing to the successful in vitro synthesis of sucrose further knowl¬ 
edge has been gained regarding the chemical constitution of this 
carbohydrate. The type of glycosidic linkages which combine glucose 
and fructose in the sucrose molecule has hitherto not been known with 
certainty. Although Cffe work of Purves and Hudson (44) and others 
(1) indicated that the stnicture of sucrose is of-D-glucopyranosyl-jS-D- 
fructofuranoside, the question to whether the a- or /3-form of 
either hexose was involved in'^joining the monosaccharide units to 
form the disaccharide had not been settled conclusively. By showing 
that the enzymically produced sucrose is identical with the naturally 
occurring compound and that it is synthesized through “dephosphoro- 
lytic^^ condensation of the a-form of glucose 1-phosphate and fruc¬ 
tose, the a-configuration of glucose in the sucrose molecule has been 
confirmed. This conclusion is adduced from the fact that when poly¬ 
saccharide is formed through the action of animal or plant phos- 
phorylase from a-glucose 1-phosphate, as a result of exchange of the 
a-linked phosph oric acid for a glycosidic linkage with another mono¬ 
saccharide, the «• type of linkage is not altered. 

The enzymic synthesis of sucrose also explains the formation of the 
furanose form of fructose in the sucrose molecule. The fact that 
sucrose is directly formed from D-glucose 1-phosphate and D-fructose 
supports the evidence of Isbell and Pigman (29) and Gottschalk (15) 
that the latter monosaccharide occurs in solution in an equilibrium 
mixture of furanose and pyranose forms. This makes it unnecessary 
to postulate a special mechanism of stabilization of a five-membered 
ring before the formation of compound sugars containing the D-fruc- 
tose molecule (19). 

B. a-D-GLUCOPYRANOSYL-a-L-SORBOFURANOSIDE 

The nonreducing o-glucosyl-L-sorboside, like synthetic sucrose, was synthesized 
through the action of the P, saccharophila enzyme from a-D-glucose 1-phosphate 
and L-sorbose (21). Elementary analysis of this disaccharide showed that its 
empirical formula is C 12 H 22 O 11 . It has a sweet taste, gives a positive Seliwanoff 
reaction, appears to be only very slightly affected by invertase, but it is easily 
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hydrolyzed with acid. The reducing value obtained after acid hydrolysis corre¬ 
sponds to a disaccharide consisting of D-glucose and L-sorbose. After fermenting 
out the glucose from the hydrolyzate, a pure L-sorbose phenylosazone could be 
prepared. The melting point of the sugar is 178-180®. The specific rotation is 
[a]D +33®. Hydrolysis with acid changes the rotation to +7.5®. This value 
agrees with the expected rotation for an equimolar mixture of n-glucose and l- 
sorbose. The rate of acid hydrolysis is approximately twice that of sucrose. The 
acetylated disaccharide, an octaacetate, has a rotation in chloroform of [ajo +38®. 

Since the glucosyl-sorboside is nonreducing, the glucose and sorbose 
are obviously linked through the carbonyl groups. Evidence that the 
L-sorbose exists in the disaccharide as sorbofuranose was obtained by 
oxidizing the compound with sodium periodate (30). In a disaccha¬ 
ride consisting of glycopyranose and sorbofuranose glycosidically 
united through positions 1 of the aldose and 2 of the ketose, the glu¬ 
cose residue would possess three adjacent free hydroxyls, on its carbon 
atoms 2, 3, and 4, and the sorbose residue would possess two free 
hydroxyls, on its carbon atoms 3 and 4. On oxidation of such a 
disaccharide with periodate, the glucose residue should consume two 
moles of periodate and form one mole of lormic acid, while the sorbose 
residue should consume one mole of periodate. A total of three moles 
of periodate would thus be consumed and one mole of formic acid 
would be formed per mole of disaccharide. If the sorbose residue were 
to exist in the disaccharide in the pyranose form, it would also contain 
three hydroxyl groups on carbon atoms 3, 4, and 5, and, as in the case 
of the glucose, it should consume two moles of periodate and give rise 
to one mole of formic acid. In this case a total of four moles of perio¬ 
date would be consumed and two moles of formic acid formed per 
mole of disaccharide. Actually, on oxidation of the carbohydrate 
with sodium periodate, three moles of periodate are consumed and 
one mole of formic acid is formed. These data agree with the as¬ 
sumption that the disaccharide contains a pyranose and a furanose 
ring. The possibility that the disaccharide is made up of glucofuran- 
ose and sorbopyranose can also be eliminated on the basis of the perio¬ 
date oxidation data. Glucofuranose would contain two pairs of adja¬ 
cent hydroxyls, on carbon atoms 2 and 3 and 5 and 6, and the sorbo¬ 
pyranose would have three adjacent hydroxyls, on carbon atoms 3, 4. 
and 5. In oxidizing such a disaccharide, a total of four moles of perio¬ 
date would thus be used, giving rise to one mole of formic acid. This 
is inconsistent with the experimental data. 

The fact that this disaccharide, like sucrose, is formed as a result 
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of ^^dephosphorolytic’' condensation involving a-D-glucose 1-phos¬ 
phate supports the view that D-glucose also exists in the D-glucosyl-L- 
sorboside as the a-form. 

This nonreducing disaccharide gives a blue-green color with diazo¬ 
uracil, a reaction shown by Raybin (45) to be specific for sucrose and 
other compounds containing the same type of glycosidic glucose- 
fructose linkage, such as raffinose, gentianose, and stachyose. The 
analogy of the synthetic nonreducing glucosyl-sorboside to sucrose 
in its reaction with diazouracil and with the bacterial sucrose phos- 
phorylase indicates tlmt the local structure about the glycosidic link¬ 
age is the same as that of sucrose. 

The striking similarity between sucrose and the D-glucosyl-L- 
sorboside formula III is evident when the structural formula of the 
latter is compared with that ot sucrose (formula II). The sorbose 
component of this disaccharide is an L-sugar in contrast to the d- 
fructose unit existing in sucrose. Since jS-D-fructose and a-L-sorbose 
have the same configuration for their second carbon atoms (28), it 
is necessary to designate the ketose portion of the disaccharide as 
a-L-sorboside. 

It is interesting to note that D-fructose, which has a pyranose struc¬ 
ture in the free state, assumes a furanose configuration whenever it 
combines with another sugar U) form an oligosaccharide or polysac¬ 
charide. Appaiently the ketohexose, L-sorbose, shows the same be¬ 
havior. 

C. a-D-GLUCOPYRANOSYI^/3-D-XYLOKETOFURANOSIDE 

The disaccharide synthesized from D-glucose 1-phosphate and D-xyloketose by 
the same enzyme (22) has an empirical formula ol C 11 H 20 O 10 . The compound does 
not reduce Fehling solution or alkaline ferricyanide. It is practically unaffected 
by invertase, but is easily hydrolyzed with acid. When the disaccharide is 
hydrolyzed and the D-glucose fermented out, a phenylosazone is obtained which 
is identical with that of D-xylose. The specific rotation of the disaccharide is [a]D 
-h43°, and its melting point is 156-157°. Its rate of hydrolysis with acid is ap¬ 
proximately 30% greater than that of sucrose. The acetylated derivative has a 
specific rotation [ajo in chloroform of +22° and a melting point of 180-181°. 

The fact that the disaccharide ivS nonreducing shows that the glu¬ 
cose and D-xyloketose are linked through the carbonyl groups. Inas¬ 
much as the carbonyl group in xyloketose occurs on the second carbon 
atom, the largest possible semiacetal ring for the ketose component 
is the 2,5-furanose ring and the possibility of a pyranose ring is defi- 
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nitely excluded. The furanose structure of the xyloketose was con¬ 
firmed experimentally by oxidation of the disaccharide with sodium 
periodate. A disaccharide consisting of glucopyranose and xylo- 
ketofuranose glycosidically united through positions 1 and 2 of the 
aldose and ketose monosaccharides, respectively, would possess 
three adjacent free hydroxyls on carbon atoms 2, 3, and 4 in the 
glucose residue and two free hydroxyls ,on carbon atoms 3 and 4 in 
the xyloketose residue. When subjected to oxidation, a disaccha¬ 
ride of this structure should consume two moles of periodate and form 
one mole of formic acid due to the glucose residue, and consume one 
mole of periodate due to the xyloketose residue. A total of three 
moles of periodate would thus be consumed and one mole of formic 
acid should be formed per mole of disaccharide. The actual experi¬ 
mental results for this disaccharide agreed with this expectation. 
Any other ring structure for either the glucose or the ketose component 
would have given different results. 

That the glucose exists in the glucosyl-xyloketoside as the a-form 
is deduced from the fact that the disaccharide is formed as a result of 
‘^dephosphorolytic’’ condensation involving a-D-glucose 1-phosphate. 
Like the other synthetic disaccharides, it gives the Raybin reaction 
(45), which indicates that the local structure about the glycosidic 
linkage in the glucosylxyloketoside is the same as that of sucrose. 
This evidence makes it possible to postulate the structural formula 
for the disaccharide as shown in formula (IV), and to name it system¬ 
atically a-D-glucopyranosyl-/8-D-xyloketofuranoside. This com¬ 
pound and sucrose are structurally identical, except that sucrose has 
an additional —CH 2 OH group attached to carbon atom 5 of the ring 
of the ketose moiety. 

D. d-GLUCOSYL-l-ARABOKETOSIDE 

Using the same enzyme preparation from P. saccharophila another nonreducing 
disaccharide consisting of D-glucose and L-araboketose has been synthesized from 
a-D-glucose 1-phosphate and Lf-araboketose (11). Like the synthetic sucrose and 
the other two disaccharides, it does not reduce Fehling solution or alkaline ferri- 
cyanide solution and it is not affected by invertase. It is easily hydrolyzed with 
dilute acid to D-glucose and a pentose sugar. When the glucose is fermented out, 
a phenylosazone is obtained which is identical with that of L-arabinose. The di¬ 
saccharide gives Raybin’s diazouracil reaction, indicating that it contains the 
same type of linkages as sucrose. While the structure of this disaccharide has 
not been definitely determined, there is good reason to believe that it is a-D-gluco- 
pyranosyl-Qf-L-araboketofuranoside (formula V). 
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E. 3-[a-D-GLUCOPYRANOSYL]-L-ARABINOPYRANOSE 

Similar to the previously described nonreducing disaccharides, this reducing 
disaccharide (23) is formed from a-n-glucose 1-phosphate and L-arabinose by 
means of the P. saccharophila enzyme. It contains two molecules of water of 
crystallization, having an empirical formula of CnHaoOio- 21120 , and has a specific 
rotation [ajn in water of -f 156®. It reduces Fehling and alkaline ferricyanide 
solutions and, unlike sucrose and its analogs, it is difficultly hydrolyzable with acid. 
Upon hydrolysis the disaccharide yields one mole of n-glucose and one mole of 
L-arabinose. The phenylosotriazole derivative of the disaccharide prepared ac¬ 
cording to Hudson et al. (17) is readily hydrolyzed with acid to D-glucose and l- 
arabinose phenylosotriazole, showing that the i^arabinose constitutes the free 
reducing unit in the disij^haride. Since a-D-ghicose 1-phosphate is involved in 
the enzymic synthesis of the disaccharide it may be assumed that the glucose 
component exists in the a-form. 

On oxidation of the phenylosotriazole derivative of the disaccha¬ 
ride with sodium periodate, three moles of periodate are consumed 
with the formation of one mole each of formic acid and formaldehyde 
per mole of phenylosotriazole derivative. The structure of this com¬ 
pound is, therefore, 3-[a-D-glucopyranosyl]-L-arabinose phenyloso¬ 
triazole in which D-glucose is attached through carbon atom 1 to car¬ 
bon atom 3 of L-arabinose as shown by formula (VII). 
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If the D-glucose in the D-glucopyranosyl-L-arabinose phenyloso¬ 
triazole were attached to carbon atom 4 of the L-arabinose derivative 
oxidation of this compound with sodium periodate would require two 
moles of periodate and would liberate one mole of formic acid without 
formaldehyde production. Junction of D-glucose to carbon atom 5 of 
the L-arabinose phenylosotriazole would require three moles of perio¬ 
date whereby one mole of formic acid would be produced, and no 
formaldehyde formed. 

On methylation of the disaccharide with dimethyl sulfate and so¬ 
dium hydroxide a hexamethylmethyl derivative of the carbohydrate 
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was obtained. When this fully methylated derivative (VIII) was 
hydrolyzed with acid, 2,3,4,6-tetramcthyl-D-glucose (IX) and di- 
methyl-L-arabinose (X) were produced. Since position 3 in the l- 
arabinose component (VII) was shown to be occupied in glycosidic 
linkage with D-glucose, the dimethyl-L-arabinose could be either the 
2,5- or 2,4-dimethyl derivative (X), depending on whether the l- 
arabinose unit originally exists in the disaccharidc in the furanose or 
pyranose form. The ring type of the L-arabinose was ascertained by 
subjecting the dimethyl-L-arabinose to oxidation with sodium peri¬ 
odate, after it had been oxidized with hypoiodite to the corresponding 
lactone (XI) and subsequently hydrolyzed to the straight chain, 
dimethyl-L-arabonic acid (XII). 

On treatment of the dimethyl derivative with sodium periodate, 
no periodate was consumed, showing that the compound did not pos¬ 
sess a pair of adjacent hydroxyls in its molecule. On the basis of this 
observation the 2,5-dimethyl-i-arabonic acid can be eliminated. It 
therefore must be concluded that the dimethyl derivative is 2,4- 
dimethyl-L-arabonic acid (XII). The free hydroxyl in position 3 is 
obviously restored in the dimethyl-L-arabinose when the methylated 
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disaccharide is hydrolyzed. The hydroxyl in position 5 is formed 
when its internal ring is broken in the process of hydrolysis of the lac¬ 
tone forming dimethyl-L-arabonic acid, which is, as mentioned, a 
straight chain compound. 

The pyranose configuration in the dimethyl-L-arabinose was con¬ 
firmed by the results obtained from the study of the rate with which 
its lactone derivative is hydrolyzed to the open chain acid (24). 

When the dimethyl-L-arabono lactone was dissolved in water, it 
was found to be almost completely hydrolyzed within four hours. 
This was indicated^^|)y a change of its rotation from [a]^ +60° to 
+24°. A constant value of [aIn +17° was reached within less than 
twenty-four hours. Since the rate of change in rotation of this meth¬ 
ylated lactone due to hydrolysis is high, it strongly indicates that the 
lactone possesses a pyranose configuration. This observation confirms 
the periodate oxidation data, showing that the dimethyl derivative is 
2,4-dimethyl-L-araboni(^ acid. 

On the basis of these results this reducing disaccharide may be 
designated as ^-la-n-glycopyranosyll-L-arabinopyranose and its 
structural formula written as in formula (VI). 

VI. Formation of Sucrose and Other Disaccharides through 
Exchange of Glycosidic Linkages 

In the earl> experiments (6,20-22) the formation and breakdown of 
the synthetic disaccharides with the aid of sucrose phosphorylase 
was thought to be a reaction in which glucose 1-phosphate appeared 
to be an essential product or substrate of the enzyme activity. How¬ 
ever, further studies revealed that the glucose 1-phosphate could be 
considered merely as one of a number of “glucose donors” for the 
enzyme. The enzyme itself was shown to be not only a “phosphory¬ 
lase” but also a “transglucosidase,” capable of mediating the transfer 
of the glucose of the substrates to a variety of “acceptors.” Disac¬ 
charides could thus be synthesized and broken down through the ex¬ 
change of one glycosidic linkage for another. 

The information concerning this mechanism was first obtained 
through the use of radioactive phosphate (10). It was observed that 
when inactive glucose 1-phosphate and inorganic phosphate labeled 
with were added to sucrose phosphorylase preparations in the ab¬ 
sence of ketose sugars, a rapid redistribution of the isotope occurred 
between the organic and inorganic fractions. Glucose, which is known 
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to inhibit sucrose phosphorylase, was also found to inhibit the ex¬ 
change reaction. Similarly, the presence of fructose was found to 
decrease the rate of exchange. Such a decrease in rate would be ex¬ 
pected if fructose competes with phosphate for the glucose residue of 
glucose 1-phosphate. These observations led to the assumption that 
the enzyme combines reversibly with the glucose portion of glucose 
1-phosphate, releasing inorganic phosphate, in accordance with the 
equation: 

glucose 1-phosphate + enzyme ^ glucose-enzyme f phosphate 

The equilibrium reaction would require that the energy of the 
glucose -phosphate linkage be preserved in the glucose-enzyme bond. 
The glucose- enzyme complex should then be capable of donating 
glucose to suitable acceptors. Indeed, it was later shown (46) that 
in a phosphate-free medium, sucrose phosphorylase brings about the 
exchange of added free fructose labeled with with the fructose 
portion of sucrose. Sucrose having half of the molecule (fructose) 
labeled with has thus been synthesized. This reaction may be 
written as follows: 

D-glucosc-l-fructosidn cnzyiiK'. ^ glucos(voiizyinc -f fructose. 

(rtucroise) 

It will be observed that in both reactions, the enzyme acts as glu¬ 
cose donor and acceptor to its substrates, and can thus catalyze the 
exchange of an ester bond for a glycosidic linkage. The role of sucrose 
phosphorylase in the reversible phosphorolysis of sucrose can thus be 
interpreted as a summation of the two above reactions. 

The function of sucrose phosphorylase as a ^ ^glucose transferring 
agent’^ was further indicated by the fact that the enzyme catalyzes an 
exchange of glycosidic bonds between two different disaccharides in 
the absence of organic and inorganic phosphate. Thus the D-glycosyl- 
L-sorboside, which was originally synthesized from glucose 1-phos- 
phate and L-sorbose, can also be prepared by a reaction between su¬ 
crose and L-sorbose (10): 

D-glucose 1-fructoside -f- sorbose ; ' D-glucose-l-sorboside -f fructose 

(sucrose) 

Similarly, sucrose was prepared by a reaction between the synthetic 
disaccharide, D-glucosyl-xyloketoside, and fructose (10): 

D-glucose-1-xyloketoside -f fructose ^ .D-glucose-1-fructoside -b xyloketose 

(sucrose) 
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The enzymic behavior of sucrose phosphorylase explains the ob¬ 
served role of arsenate in causing a hydrolytic decomposition of both 
sucrose and glucose 1-phosphate in the presence of the enzyme (9). 
Arsenate presumably acts as a glucose acceptor with the enzyme, to 
form an unstable glucose arsenate, which hydrolyzes spontaneously to 
glucose and arsenate. Thus, any substance capable of acting as a 
glucose donor to the enzyme, is eventually decomposed to its products 
of hydrolysis. 

The observed reaction of sucrose phosphorylase can be represented 
diagrammatically by,:4He following scheme: 


D-glucose-l-D-fructoside 
(sucrose) 

D-glucose-l-LrSorboside 
D-glucose-l-D-xyloketoside 
D-glucose- 1-L-araboke toside 
D-glucose- l-L-arabinose 
D-glucose 1-phosphate 
(D-glucose l-arser.(iite?) 

+ HjO 

D-glucosc + arsenate 

VII. Relation of Sucrose Phosphorylase to Polysaccharide 
Synthesizing Enzymes 

It is of interest to note that while sucrose phosphorylase of Pseudo- 
monas saccharophilay like the animal and plant phosphorylases, acts 
as a phosphorolytic enzyme, it is also related in its action to a group 
of bacterial enzymes known to catalyze polysaccharide syntheses 
which do not involve D-glucose 1-phosphate (26). These enzymes are 
capable of exchanging glycosidic linkages of disaccharides for those 
of polysaccharides, and can, therefore, be designated, along with 
sucrose phosphorylase, as ‘'transglycosidases.'' Thus, sucrose phos- 
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phorylase has the double function of a phosphorolytic and of a trans- 
glycosidic enzyme (10). 

A polysaccharide, dextran, is formed directly from sucrose by an 
enzyme of Leuconostoc mesenteroides (14,31). The reaction involves 
the substitution of 1,6-glucosidic linkage for the glucose-fructose bond 
and can be written as follows: 

(n)Ci2H220ii -► (C6Hio05)n + (n)C6Hi206 

sucrose dextran fructose 

A similar exchange of glycosidic linkages is involved in the forma¬ 
tion of a starch-like polysaccharide from maltose by an enzyme from 
Escherichia coli (12,41). The reaction may be written as follows: 

(n)C,2H220„ ;■■■■■ + MC.HnO, 

maltose polysaccharide glucose 

The same organism contains a phosphorylase which produces a 
similar polysaccharide from glucose 1-phosphate. 

Because of the reversible nature of the amylomaltase reaction, the 
presence of glucose leads to the formation from maltose of short chain 
reducing dextrins. The combined action of phosphorylase and 
amylomaltase results in the synthesis of maltose and reducing dex¬ 
trins from a mixture of glucose and glucose 1-phosphate. 

A number of species of bacteria belonging to different genera are 
capable of forming a fructose polymer, levan, from sucrose or raffinose 
(27). In this reaction a 2,0-linkage is substituted for the glycosidic 
bond of fructose, forming the levan: 

(n)Ci2H220ii - > (CoHioOs)?! + (h)C6Hi206 

sucrose levan glucose 

Hehre (25) recently obtained from Neisseria perflava an enzyme, amylosucrase, 
which has the ability to convert sucrose to an amylopectin- or glycogen-like poly¬ 
saccharide, presumably according to the following reaction: 

(n)Ci2H220n- > (CeHioOs)*! -h n(C6Hi206) 

sucrose polysaccharide fructose 

This reaction involves the substitution of 1,4-glucosidic linkage for the 1,2- 
linkage in sucrose, without the mediation of glucose 1-phosphate, 

It is quite possible that production of many disaccharides and polysaccharides 
in plant and animal tissues may depend on transfers of energy-rich sugar residues 
without the intermediate accumulation of phosphoric esters. The versatility of 
the sucrose phosphorylase which can produce both reducing and nonreducing 
disaccharides suggests that one and the same enzyme might, in some cases, account 
for the formation of a number of different compounds. 
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!• Introduction 

It is the purpose of this review to describe and correlate the salient features of 
the isolation and chemical research which have been carried out on some of the out¬ 
standing antibdotics produced by the Streptomyces group of organisms, with par¬ 
ticular reference to streptomycin. It is not intended to include all of the literature 
in this field which has appeared from January, 1944, to the present. For a de¬ 
tailed review of the chemistry of streptomycin, the reader is referred to the article 
by Lemieux and Wolfrom (1). 

In describing completed organic structure work on natural prod¬ 
ucts, one may either develop the molecular formula into a structural 
formula on a historical basis or present the completed, known struc- 
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tures in abbreviated chemical equations. The latter style is used in 
this review. 

Let us look back now to the status of antibiotic research just prior 
to January, 1944. Penicillin was an outstandingly valuable anti¬ 
biotic in clinical medicine, but there were limitations to its use. Most 
of the antibiotics known up to 1944, such as penicillin, gramicidin, 
actinomycin, etc., had been observed to act largely upon gram¬ 
positive bacteria. Particularly in the case of penicillin, the activity 
upon gram-negative organisms was found to be highly selective and 
limited, or much larg^^- quantities were needed to inhibit these bac¬ 
teria. New substances were needed ^vhich would be highly active 
againsb gram-negative bacteria, and which would not be toxic. 

Streptothricin had been characterized microbiologically by Waks- 
man and Woodruff (2) in 1943. It occupied a prominent place among 
antibiotics which act selectively against both gram-positive and gram¬ 
negative bacteria, but unfortunately it too had very little activity 
against a number of both gram-negative and gram-positive groups. 

A search among the actinomycetes for organisms which are antago¬ 
nistic to gram-negative bacteria and which might yield useful anti¬ 
biotic substances was started. Dr. Waksman and his students had 
organized a scireening program to explore (unpirically the best k^ads 
they knew including actinomycetes. Strrptorftyres lavrndular, an 
actinomyeete, produces streptothricin. 

11. Streptomycin 

After examination of a large number of cultures from soils, com¬ 
posts, and culture collections, it was found that certain strains of 
Streptomyces griseus produced a substance, designated streptomycin, 
with antibiotic activity against various gram-negative organisms 
which was greater than that exhibited by streptothricin. One strain 
came from field soil and another from the throat of a chicken. This 
discovery was published in January, 1944, by Schatz, Bugie and Waks¬ 
man (3), and from then until the end of 1948 nearly 1200 papers on 
streptomycin appeared in scientific journals. 

A. ISOLATION 

Within a year after the discovery of streptomycin in 1944, this 
antibiotic was isolated essentially simultaneously in three chemical 
laboratories. These isolation researches yielded crystalline salts of 
streptomycin, which in turn afforded pure although amorphous 
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streptomycin trihydrochloride for biological research and for the 
elucidation of its chemistry. The crystalline salts were the reineckate 
(4,5), the helianthate (6), and the calcium chloride double salt (7). 
The investigators were cognizant of the possible presence of more than 
one active substance in the crude concentrates, but concluded that 
they all had the same active principle. In 1948, experimental condi¬ 
tions were found for obtaining streptomycin trihydrochloride di¬ 
hydrate in crystalline form (8). 


B. 

The combined chemical 
research laboratories now 
structure of streptomycin, 
nent parts of the molecule 

NH 


NOMENCLATURE 

and stereochemical evidence from several 
permits formula I to be written for the 
The nomenclature used for the compo- 
is indicated by the braces for the formulas. 
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Streptidine (II) is the inositol-like substance having two guanido 
groups. Streptose (III) is a unique branched-chain sugar with two 
aldehyde groups, a tertiary hydroxyl group, and a C-methyl group. 
A/'-Methyl-L-glucosamine (IV) is a 2-aminohexose. The disaccharide 
composed of streptose and A^-methyl-L-glucosamine is designated 
streptobiosamine. 

Streptomycin is equivalent to streptidine, streptose, and iV-methyl- 
L-glucosamine when two molecules of water are deducted. Although 
this structure for streptomycin may be considered complete, including 
the configuration of the asymmetric centers, confirmatory evidence 
for certain points of stereochemistry would be of interest. 

Structure V is a Haworth perspective formula for streptomycin. 
This formula has certain advantages for visualizing stereochemical 



(V) 

relationships. For example, it is clear that the formyl group of the 
streptose moiety in streptomycin could exist not only free but in inter¬ 
moiety hemi-acetal formation. Such a hemi-acetal would have a 
large ring and be labile. There is evidence for such internal cycliza- 
tions. 
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The glycosidic linkage between the streptidine and the streptose 
moieties of streptomycin is much more susceptible to cleavage than 
the glycosidic linkage between the streptose and the AT-methyl-L- 
glucosamine moieties. Consequently, streptomycin may be cleaved 
by a variety of reactions, such as acid hydrolysis, to yield streptidine 
and streptobiosamine. In fact, the hydrolysis of streptomycin in 
sulfuric acid solution at room temperature is a preparative reaction 
for streptidine sulfate: 


C2iH8«N70i2-31101 
(streptomycin trihydrochloridel 


NH 


NH n NIICNII 2 



i 


and 


-CHOH 


OH II 



CH 2 OH 


C. MOLECULAR FORMULA AND PROPERTIES 

Elementary analyses and physical measurements on a number of the 
crystalline salts previously mentioned suggested the formula C21- 
H 37 ~ 39 N 70 i 2 . 3 HX for streptomycin salts. Only when the composi¬ 
tions of streptidine and of some suitable streptobiosamine derivatives 
could be interpreted together was the formula C21H39N7O12 for strep¬ 
tomycin definitely established (9). 

It was early observed that streptomycin contained a reactive car¬ 
bonyl group in addition to the three basic groups shown by titration. 
The antibiotic was inactivated by carbonyl group reagents, and 
streptomycin oxime and semicarbazone were prepared (10). 

D. STREPTIDINE 

Aqueous acid hydrolysis of streptomycin yielded the diacidic base, 
streptidine (II). By stepwise alkaline degradation, it was converted 
first into strepturea (VI) and then to streptamine (VII) (11,12). 
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When the '-dibenzoyl derivative of streptamine (VIII) was 
oxidized with periodate, a hydrated and cyclized dialdehyde (IX) was 
obtained as a crystalline oxidation product. Oxidation of this alde¬ 
hyde with bromine gave an «, 7 -dibenzamido-iS-hydroxyglutaric acid 
(X) (12). 




II 



II 
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II NIICNH 2 
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II NIICNH 2 


H NH 2 

HjNCNH 
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IHNCNH 
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1 1 

OHH 



OHH 


(11) 



(VI) 



(VII) 



Thermal treatment of hexaacetylstreptamine (XI) gave high yields 
of 2,4-diacetamidophenol (XII) and 5-acetamid{)-2-methylbenzox- 
azole (XIII) (13). 


AcNI] 



NHAc 


,N=CCH3 


AcO/ ^ . 
H Xi iX OAc 


AcNH 




OH and AcNH 


<r>A 


(XII) 


(XIII) 


Streptidinc is optically inactive; hence, it is a meso form. These 
reactions of alkaline hydrolysis, oxidation and pyrolysis provided the 
principal evidence for the structure of streptidine as a 1,3-diguanido- 
2,4,5,6-tetrahydroxycyclohexane. 
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E. DERIVATIVES OF STREPTOBIOSAMINE 

The facile cleavage of streptomycin in aqueous acid has been men¬ 
tioned. Treatment of streptomycin with methanolic hydrogen chlo¬ 
ride (10) also cleaved the same glycosidic linkage and yielded strep- 
tidine and methyl streptobiosaminide dimethyl acetal (XIV). In 



(XIV; CH2OH 

this reaction, the free formyl group of the streptose moiety was con¬ 
verted into an acetal group. The crystalline tetraacetyl derivative of 
this disaccharide has historical interest since it was the first strepto- 
biosamine derivative characterized in crystalline form. 

Cleavage of streptomycin with ethyl mercaptan and hydrogen 
chloride afforded the analogous ethyl thiostreptobiosaminide diethyl 
mercaptal (XV) (9,14). This reaction of streptomycin with ethyl 



mercaptan was very satisfactory and could be carried out on concen¬ 
trates of streptomycin. This thioglycoside mercaptal was an im¬ 
portant degradation product and derivative of streptobiosamine since 
it served as a starting point for the elucidation of much of the struc¬ 
ture of the disaccharide. 
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F. iV-METHYL-L-GLUCOSAMINE 

Hydrolysis of methyl streptobiosaminide dimethyl acetal (XIV) in 
boiling concentrated hydrochloric acid led to the decomposition of the 
streptose moiety of the disaccharide and the isolation, after acet¬ 
ylation, of the pentaacetyl derivative of a methylaminohexose. This 
compound was readily hydrolyzed to the free sugar (XVI). The new 
sugar gave a phenylosazone which was converted to a phenyloso- 


HC=Nv 

i=N> 

HCOII 

I 

HOCIi 

Hoin 

I 

CH^OIi 

(XVII) 
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CO2H 

ClhNHC^H 

H(|)OII 

HOCH 

Hoiii 

I 

CII2OII 

(XVIII) 


triazole (XVII). This derivative melted at the same temperature as 
the known D-glucose phenylosotriazole, and the specific rotation was 
equal in magnitude, but opposite in sign. Oxidation of the new sugar 
with mercuric oxide gave a nitrogen-containing acid (XVIII) having 
the same melting point as the known V-mcthyl-D-glucosamic acid, 
and an equal but opposite specific rotation. It was thus concluded 
that these degradation products were related to L-glucose, and the 
hexosamine from streptomycin was V-methyl-L-glucosamine (15). 


G. STREPTOSE 


Hydrogenolysis of ethyl tetraacetylthiostreptobiosaminide diethyl 
mercaptal (XV) with Raney nickel catalyst gave tetraacetylbis- 
desoxystreptobiosamine (XIX), which upon hydrolysis with sulfuric 
acid afforded A^-methyl-L-glucosamine and a new compound desig- 



O 


(XIX) 


-CH 2 

nioH 

CIIsioH 

—in 
I 

CH, 

(XX) 


and 


-CIIOH 

CH 3 NHCII 

0 HCOII 

HOCH 

I 

-CH 

I 

CH,OH 

(XVI) 



STREPTOMYCIN 


153 


nated as bisdesoxystreptose (XX) (16,17). Oxidation of bisdesoxy- 
streptose with one mole of periodate yielded a dicarbonyl oxidation 
product (XXI) which was readily hydrolyzed by mild acid treatment. 


-CH 2 

CHO 

CH,-C=0 

1 

-CH 

I 

CH, 

(XXI) 


CH 20 H 

Clio 

-> + 
CIl3-C=0 

IIOCIl 

CH, 


CH3-C=N—NHR 
CH,-C==N—NHR 


(XXII) 


The acetoin which was formed was characterized by several osazones 
of biacetyl (XXII). These reactions revealed much of the structure 
of streptose. 

When ethyl tetraacetylthiostreptobiosaminide diethyl mercaptal 
was hydrolyzed with aqueous mercuric chloride in the presence of a 
carbonate buffer, tetraacetylstreptobiosamine (XXIII) was obtained. 
The product was oxidized by bromine, and, after acetylation, penta- 
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acetylstreptobiosamic acid monolactone (XXIV) was obtained. 
This lactone was hydrolyzed with acid and streptosonic acid mono¬ 
lactone (XXV) was isolated. The monolactone was further charac¬ 
terized by conversion to the diamide (XXVI). The structures of 
these streptosonic acid derivatives were revealed by periodate oxida¬ 
tions. Thus, the monolactone reacted with two equivalents of peri¬ 
odic acid to yield oxalic acid and glyoxylic acid. The diamide upon 
periodate oxidation consumed two equivalents of reagent and yielded 
acetaldehyde (18). 

H. STEREOCHEMISTRY OF STREPTOSE 

Elucidation of the stereochemistry of streptose was forthcoming 
from several laboratories. The reaction of streptobiosamine with 
phenylhydrazine in aqueous solution yielded the phenylosazone of 4- 
desoxy-L-erythrose (XXVII), showing that carbon atom four of 
streptose possesses the L-configuration (19). 

CII-NNHCoIIft CONHNH 2 

^=NNHC,H. UCOH 

IIOCII HOCIl2(|:OH HO<j;H 

<1 :h, iioch cHjOh 

CII, 

(XXVII) (XXVIII) (XXIX) 

Eisdesoxystreptose formed a complex with boric acid, demonstrat¬ 
ing that in streptose the C 2 - and Cs-hydroxyl groups have a cis con¬ 
figuration (16,17). 

The hydrazidp of dihydrostreptosonic acid (XXVIII) was prepared 
and found to be dextrorotatory, and in consideration of Hudson’s 
rules of rotation, the C 2 -hydrQxyl group of streptose was assigned to 
the right (20). 

The configuration of the groups about C 2 of streptose was con¬ 
firmed by the degradation of AT-acetyltetrahydrostreptobiosamine to 
L-glyceric acid (XXIX) (21). 

I. STRUCTURE OF STREPTOBIOSAMINE 

The hydrolysis of streptobiosamine to derivatives of streptose and 
AT-methyl-L-glucosamine has been described. It was observed that 
V-acetylbisdesoxystreptobiosamine did not reduce Fehling solution, 
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and hence concluded that the hexosamine was attached to streptose 
through carbon atom one of the amino sugar (22). It was also found 
that tetraacetylbisdesoxystreptobiosamine possessed a free tertiary 
hydroxyl group in the streptose moiety, leaving only carbon atom two 
of the streptose portion available for the attachment of N-methy\-h- 
glucosamine (16,17). Periodate oxidation studies (16,17) indicated a 
pyranose ring structure for the amino sugar moiety. 

Application of Hudson^s rules and the use of some assumptions led 
Lemieux, DeWalt, and Wolfrom (23) to conclude that both of the 
streptobiosamine glycosidic linkages in streptomycin possess the a- 
configuration. 

J. LINKAGE BETWEEN STREPTIDINE AND STREPTOBIOSAMINE 

Proof of the linkage of streptidine to streptobiosamine through 
carbon atom one of streptose came from a series of reactions. Di¬ 
hydrostreptomycin was degraded to dihydrodesoxystreptose (XXX) 
(17,22). The liberation of one mole of formaldehyde in the reaction 

- 

HCOH 
0 I 

I HOCH 2 COH 

I- 

ills 

(XXX) 

of dihydrodesoxystreptose with periodate was consistent with the 
previously derived conclusion that the Ci-aldehyde group of streptose 
is the one involved in the linkage to streptidine. 

The evidence which showed that the linkage of streptobiosamine is 
to position four of streptidine was as follows: Completely benzoyl- 
ated streptomycin was cleaved hydrolytically to heptobenzoyl- 
streptidine (XXXI). From this product were prepared in succession 
the mesyl derivative (XXXII), the iodo derivative (XXXIII), and 
then heptabenzoyldesoxystreptidine (XXXIV). The latter com¬ 
pound was converted by hydrolysis, benzoylation, and partial de- 
benzoylation to A'jA^'-dibenzoyldesoxystreptamine (XXXV). The 
V,A^'-dibenzoyldesoxystreptamine reacted with one mole of periodate 
to form a,7-dibenzamido-/3-hydroxyadipaldehyde (XXXVI) (24,25): 
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K. THE MALTOL REARRANGEMENT 

Shortly after the isolation of streptomycin, it was observed that 
when streptomycin was treated with aqueous alkali under relatively 
mild conditions the 7 -pyrone, maltol, XXXVII, was formed (26). 

It was shown later that maltol could be formed from methyl 
streptobiosaminide dimethyl acetal (XXXVIII) and also from 
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methyl iV-acetylstreptobiosaminide (XXXIX) (18,27): 


C2iIl39N;0,2 + N NaOH 

(streptomycin) 


(XXXVII) 



(XXXVllI) ClliOII (XXXIX) 


It was evident that maltoi originated from the streptose moiety of 
streptomycin and its streptobiosamine degradation products. Since 
the streptose moiety has a branched carbon skeleton and maltoi has a 
straight carbon skeleton, it was also evident that a carbon-carbon re¬ 
arrangement must have taken place in these reactions giving maltoi. 
Such rearrangements of sugars in the presence of alkali are well 
known. It has been concluded that this rearrangement of the 
streptose moiety to maltoi takes place only when the aldehyde group 
at carbon atom one of streptose is glycosidically combined, and when 
the other aldehyde group is free or potentially free. 

The conversion of streptomycin to maltoi can be made to take place 
in a 75% yield and the reaction has utility in colorimetric determina¬ 
tions of streptomycin. 

L. SYNTHESIS OF AT-METHYL-n-GLUCOSAMINE 

iV^-Methyl-L-glucosamine was synthesized as follows (15,28): l- 
Arabinose (XL) was converted by reaction with methylamine and 
hydrogen cyanide to the methylaminonitrile (XLI). Hydrolysis of 
the nitrile with concentrated hydrochloric acid gave AT-methyl-L 
glucosamic acid (XLII). Lactonization and reduction with sodium 
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amalgam yielded A^-methyl-L-glucosamine (XLIII). Acetylation of 
the latter product gave the pentaacetyl derivative (XLIV). 

Alternatively (28), L-arabinose was converted into L-glucosamine 
(XLV) by treatment with ammonia and hydrogen cyanide followed 
by hydrolysis, lactonization, and reduction. Treatment of L-glucos- 
amine with dimethyl sulfate, followed by acetylation, yielded penta- 
acetyl-A-methyl-L-glucosamine. 

The synthetic A-methyl-L-glucosamine and its pentaacetyl de¬ 
rivative were identical with the degradation products. 

The configuration ^out carbon atom two was established by the 
methylation of D-glucosamine to give A-methyl-D-glucosamine. 
The hydrochloride and pentaacetyl derivative of this D-compound had 
the same melting points as the corresponding derivatives of the deg¬ 
radation products and the synthetic products from L-arabinose, and 
the specific rotations were equal in magnitude, but opposite in sign. 

M. SYNTHESES OF STREPTAMINE AND STREPTIDINE 

Streptamine was synthesized (29) by an interesting series of reac¬ 
tions which also elucidated its configuration, as well as that of strep- 
tidine. 
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Pentaacetyl-D-glucosamine diethyl thioacetal (XLVI) was par¬ 
tially deacetylated and then treated with mercuric chloride-mercuric 
oxide to give ethyl 2-acetamido-2-desoxy-a-D-glucothiofuranoside 
(XLVII). Oxidation of the latter compound with lead tetraacetate 
yielded an aldehyde" (XLVIII) which was condensed with nitro- 
methane to two products: ethyl 2-acetamido-6-nitro-2,6-didesoxy-a- 
D-glucothiofuranoside and ethyl 2-acetamido-6-nitro-2,6-didesoxy-i3- 
L-idothiofuranoside (XLIX and L). 
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(XLIX) m.p. 190-193° , and 
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The ethyl mercapto group of the higher melting isomer was hydro¬ 
lyzed with mercuric chloride and the resultant nitro sugar was 
allowed to cyclize in barium hydroxide solution. The barium salt of 
the cyclized sugar was hydrogenated with Raney nickel catalyst, and 
the reduction products were acetylated. One acetylated product 
was identical with hexaacetylstreptamine (LI) from streptomycin. 

Wolfrom and Olin (29) have concluded that, since streptidine is a 
meso form, it possesses the all-^rans configuration. The configuration 
at carbon atom two was deduced by analogy. A direct proof of this 
point would be of interest. 
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The synthesis of streptidine was completed (30) by the conversion 
of synthetic hexaacetylstreptamine into synthetic streptamine by 
saponification with aqueous sodium hydroxide. Treatment of syn¬ 
thetic streptamine in aqueous solution with >S-methylisothiourea 
yielded synthetic streptidine. 

Natural streptamine has also been converted into streptidine by 
heating at 155° an aqueous solution of streptamine hydrochloride and 
cyanamide (31). 


N. RELATIONS^IIP OF STRUCTURE OF STREPTOMYCIN TO 
ANTIBIOTIC ACTIVITY 

Fragments of the molecule such as streptidine, streptobiosamine, 
and A^-methyl-L-glucosami*ne were tested and found to have only 
negligible antibiotic activity. However, work on modifications of the 
molecule has been more fruitful medically. Dihydrostreptomycin 
(LII), in which the formyl group of the streptose moiety has been 


NH 

II 



reduced to a carbinol group, is significantly less toxic than strepto¬ 
mycin. There is an extremely low incidence of vestibular disturbances 
and less frequent allergic manifestations. Dihydrostreptomycin 
appears to have undiminished activity against Mycobacterium 
tuberculosis, and is being used clinically. 

When the formyl group of the streptose moiety of streptomycin was 
oxidized to a carboxy group (32), the resulting product, streptomy- 
cinic acid, was antibiotically inactive. 

When dihydrostreptomycin was hydrolyzed with alkali to convert 



STREPTOMYCIN 


161 


the guanido groups to amino groups, the product, designated dide- 
guanyldihydrostreptomycin (33), was also antibiotically inactive. 

O. A SITE OF ACTION OF STREPTOMYCIN 

Knowledge of the site of action of streptomycin might lead to a 
new chemotherapeutic agent. Mention may be made of a recent 
paper (34) on this subject. In a strain of Escherichia coli, threonine 
oxidation is stimulated by previous fumarate oxidation. This stim¬ 
ulating effect is prevented by the presence of streptomycin. Under 
suitable conditions, streptomycin can be shown to inhibit the oxida¬ 
tion of fumarate and pyruvate. Further, the mode of action of strep¬ 
tomycin is to inhibit the terminal respiration process. The terminal 
respiration process involves a pyruvate-oxalacetate condensation, and 
streptomycin exerts its activity close to this reaction. 

III. Mannosidostreptomycin 

Mannosidostreptomycin occurs with streptomycin in certain broths 
and was separated from streptomycin chromatographically and 
through isolation as the reineckate (35). Mannosidostreptomycin 
has structure LIU; and, as the name indicates, it has a mannose 
moiety attached to streptobiosamine: 

Nil 
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The key points in the determination of the structure of mannosido- 
streptomycin were as follows: Methanolysis gave methyl tetraacetyl- 
streptobiosaminide dimethyl acetal and a-methyl tetraacetyl-D- 
mannopyranoside. Another degradation using ethyl mercaptan and 
acetylation gave octaacetylstreptidine and the thioacetals of acetyl- 
ated streptobiosamine and mannose. 

Catalytic hydrogenation gave the dihydro derivative and this sub¬ 
stance was hydrolyzed to a trisaccharide, isolated as a monoacetate. 
The trisaccharide was cleaved to yield derivatives of dihydrostrepto- 
biosamine and mappose or to a disaccharide octaacetate. Hydrolysis 
of the latter compound to A-methyl-L-glucosamine and mannose de¬ 
rivatives showed that mannose was attached to AT-methyl-L-glucos- 
amine. 

The linkage of mannose to position four of A-methyl-L-glucosamine 
was shown by the methylation and degradation of iV-pentaacetyldi- 
hydromannosidostreptomycin to triacetyl-3,6-dimethyl-A-methyl-L- 
glucosamine (LIV) and by the fact that the formation of strepto¬ 
biosamine derivatives from mannosidostreptomycin requires a 
pyranose ring in the A-methyl-L-glucosamine moiety (36,37). 

)ncii 
cUz I 

0 II(|:0CH3 

I-(^H 

ClhOCHa 

(LIV; 

Completely benzoylated mannosidostreptomycin (38) was de¬ 
graded to the same heptabenzoylstreptidine (XXXI), which was 
isolated from benzoylated streptomycin, thus evidencing that 
mannosidostreptobiosamine is also attached to position four of 
streptidine. 

IV. Chloromycetin (Chloramphenicol) 

Chloromycetin (chloramphenicol) is a recently discovered anti¬ 
biotic produced by a Streptomyces organism, perhaps S. lavendulae. 
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Although not very active against tuberculosis in animals, Chloromy¬ 
cetin has shown high clinical efficacy in the treatment of infections 
produced by certain gram-negative organisms and by the rickettsiae. 
The antibiotic has been identified by its properties and reactions 
as D-^/ir 60 -A'-(l,l'-dihydroxy-l-p-nitrophenylisopropyl)-dichloroacet- 
amide (LV) (39). 

Chloromycetin showed an absorption spectrum closely resembling 
that of p-nitrotoluene; the presence of the nitro group was confirmed 
chemically. It gave a diacetyl derivative in which both acetyl groups 
were attached to oxygen. The substance did not react with perio¬ 
date, but either acid or alkaline hydrolysis yielded dichloroacetic acid 
and a base (LVI) which consumed two moles of periodate to yield p- 


O2N 


(LV) 


NHCOCIICL 
C-C- -CH2OH 
OH^ 


O 2 N- 


ljJH2 
-C-C-CH2OH 


(LVI) 


nitrobenzaldehyde, ammonia, formaldehyde, and (presumably) 
formic acid. The* relationship to (J)-nor-psewdo-ephedrine was sug¬ 
gested by the stability of the base and considerations of optical rota¬ 
tory data. 

In the synthesis of chloromycetin (40), benzaldehyde was con¬ 
densed with iS-nitroethanol and the product reduced catalytically to 
give the dihydroxy amine, LVII. This product, a mixture of two dU 


u 


CHOH-CH-CHiOH 

NH2 


(LVII) 


pairs, was separated; and one racemate was acetylated, nitrated, and 
hydrolyzed to yield the dZ-base (LVI). Resolution with cZ-camphor- 
sulfonic acid and reaction with methyl dichloroacetate gave chlo¬ 
romycetin. Alternative syntheses (41) starting from acetophenone 
and from p-nitroacetophenone have also been reported. 
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V. Aureomycin 

Another new antibiotic of great promise is aureomycin, isolated 
from Streptomyces aureofaciens by Duggar (42). It is active against 
both gram-positive and gram-negative organisms, and has been shown 
to be efficacious in the treatment of certain viral and rickettsial infec¬ 
tions, and perhaps in amebiasis. Aureomycin, like Chloromycetin, 
has the advantage that it can be administered orally. The name was 
derived from the golden color of the pure compound, as well as that 
of the microorganism which produces the antibiotic. 

The structure ^ aureomycin has not yet been announced, but 
analyses of the hydrochloride and crystalline free base, together with 
certain properties, have been reported (43). 

\I. Neomycin 

Since the discovery of streptomycin. Dr. Waksman and his co¬ 
workers have continued their search for new antibiotics. Particular 
emphasis was placed in their screening program upon actinomycetes 
of the genus Streptomyces, and upon antibiotics active against strep¬ 
tomycin-resistant strains of Mycobacterium tuberculosis. 

As a result of this extensive microbiological research, the antibiotic 
activity of culture filtrates of S. fradiae, a soil organism, was selected 
for further detailed research. The active substance was designated 
''neomycin'^ by Waksman and Lechevalier (44). These authors re¬ 
ported that neomycin concentrates were active in vivo against various 
bacteria, both gram-positive and gram-negative. Little or no re¬ 
sistance to the concentrates was developed. They were of limited 
toxicity to animals. Moreover, considerable in vitro activity was 
observed against various forms of M. tuberculosis. The active sub¬ 
stance was basic and thermostable. 

Evidence has been obtained that the neomycin activity is due to 
more than one chemical entity (45). One of the active antibiotic 
principles, designated ^^Neomycin A” has recently been isolated in 
pure form (46). Preliminary studies on the pure material have 
shown it to be distinctly different chemically from streptomycin. 
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1. Einleitung 

Es ist eine der wesentlichsten Erkenntnisse der modernen Stoff- 
wechsellehre, dass der biologische Abbau bei alien wichtigenNahrungs- 
stoffen mit einer Spaltung der Kohlenstoffkette in kleine Bruch- 
stiicke eingeleitet wird, deren endgiiltige Oxydation unter Entbindung 
von CO 2 dann erst im Citronensaurecyklus erfolgt. 

Der erste Hinweis auf die Moglichkeit eines solchen cyklischen 
Abbaus findet sich in der vorlaufigen Mitteilung von Martius und 
Knoop (1) in welcher der Ubergang von Citronensaure in a-Keto¬ 
glutarsaure beschrieben wurde. Darin wurde weiter ausgefiihrt: 
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. Wir haben wiederholt auf die grosse Bedeutung einer physiologischen 
Reversibilitat der biochemischen Reaktionen hingewiesen. Deshalb erscheint 
uns die Tatsache von Interesse, dass auf diesem Wege als intermediare Abbau- 
produkte auch die beiden Sauren auftreten, die sich nach unserer letzten Verof- 
fentlichung so leicht wieder zu Citronensaure kondensieren: Oxalessigsaure und 
Brenztraubensaure.” 

Die Arbeiten von Krebs (2) haben dann den Nachweis einer 
enzymatischen Bildung von Citronensaure aus Pyruvat und Oxalace- 
tat im Taubenbrustmuskel gebracht, die durch die eingehende Arbeit 
von Kallmann (53J.^weiterhin gestiitzt und erhartet wurde. Krebs 
hat weiterliin das Verdienst, die richtige Interpretation der Beobach- 
tungen von Szent-Gyorgyi fiber die Malonathemmung der Gewebs- 
atmung und ihre Aufhebung durch Fumarsaure im Rahmen der 
Citronensaurecyklus-Theorie gegebcn zu haben. 

In einer iibersicht hat Krebs 1943 die experimentellen Befunde 
zusammengestellt, die dem von ihm wie folgt formulierten Cyklus als 
Basis dienten. 


KOIILENIIYDRAT 
Triosephosphat oder Lactat 


Asparaginat Oxalacetat 


-2H 


- 2II 


-2U 
- COa 


Mai at 
4HiO^ 
Fumarat 
—2h1I+2H 


+ U.O| 
cis-Aconitat 


+ U,o 


-HaO 


Isocitrat 


Succinat 
't_ 




-2H 
Oxalsuccinat 


-bHaO 


-211 

-COa 


-COa 


a-Ketoglutarat 

: k 


Glutaminat 


Schema I 

Tricarbons&urecyklus nach Krebs 


Pyruvat V"” Alanin 
-fllaO ^ 

Citrat 

-IhO 


In diesem Schema waren die Reaktionen, die auf der linken Seite 
stehen, schon seit langem bekannt und auch hinsichtlich der dabei 
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beteiligten Enzyme weitgehend aufgeklart. Dasselbe gait aber, 
worauf Krebs selbst hinweist, nur zum Teil fur die der rechten Seite. 
Das Problem der den Cyklus einleitenden Kondensationsreaktion 
war noch vollig ungeklart und ist es zum Teil auch heute noch. 
Eng damit verkniipft ist die Frage nach der Reihenfolge, in welcher 
die Tricarbonsauren: Citronensaure, m-Aconitsaure, Isocitronen- 
saure in der Zelle entstehen. Urspriinglich hatte man in der Citronen¬ 
saure das erste Reaktionsprodukt gesehen, diese Vorstellung aber auf 
Grund der Isotopcnexperimente von Wood, Workman, Hemingway, 
und Nier (15), sowie Evans und Slotin (16) aufgf^geben. Die erst- 
genannten Autoren brachten einen modificierten Cyklus in Vor- 
schlag, wonach die Oxalessigsaure in der Enolform reagieren sollte 
und bei der Kondensation dann direkt cis-Aconitsaure entstehen sollte. 
Diese Theorie, die auf zu weit gehenden Schliissen aus den Isotopen- 
experimenten aufgebaut war, ist heute schon wieder liberholt und die 
Citronensaure in ihre alten Rechte wieder eingesetzt. Dieses Prob¬ 
lem wird im Abschnitt ^‘Aconitase^’ genauer diskutiert. 

Schliesslich bestand auch beim Ubergang Isocitrat a-Keto- 
glutarat noch eine Unklarheit. Denn ob die primar beim Dehydrie- 
rungsakt gebildete Oxalbernsteinsaure spontaner Dekarboxylierung 
anheimfallt oder ob dabei ein Enzym im Spiel ist, stand 1943 noch 
nicht fest. 

Die vorliegende Ubersicht hat diese Probleme zum Inhalt. Sie 
stutzt sich dabei z.T. auf experimentelle Befunde, die 1943 schon 
vorlagen, im Artikel von Krebs jedoch nicht beriicksichtigt wurden; 
es handelt sich dabei insbesondere um Versuche, die nicht mit tie- 
rischem Gewebe sondern mit Hefe ausgefiihrt worden waren. 

II. Citronensaurecyklus und Acetatabbau in der Hefe 

A. DIE BILDUNG VON CITRONENSAURE IN HEFE 

Wenn in den ersten Arbeiten iiber die biologische Synthese der 
Citronensaure aus den Endprodukten des anaeroben Kohlenhydrat- 
stoffwechsels im Tierkbrper die Vermutung ausgesprochen wurde, dass 
die Kondensation zwisch6n Oxalacetat und Pyruvat erfolgt und die 
dabei gebildete Oxalcitramalsaure dann unter Dehydrierung in 
Citronensaure iibergeht, so waren die Versuche von Knoop und Mar¬ 
tins (3) iiber die Synthese in vitro dafiir entscheidend gewesen. Denn 
im Tiibinger Laboratorium hatte man gefunden, dass eine Mischung 
aus Pyruvat und Oxalacetat in schwach alkalischer Losung konden- 
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siert und dann der Oxydation mit Hydroperoxyd nach Hollemann 
unterworfen in iiberraschend guter Ausbeute Citronensaure liefert. 

CHa—CO—COONa CH2—CO—COONa 

CO—COONa -> HO—i—COONa + HA 

ins—COONa CH, 

ioONa 


CII2—COONa 

HO—(i—COONa + CO2 + H2O 

(^'Hj 

(^;OONa 


Beim Versuch Essigsaure mit Oxalessigsaure zur Kondensation zu 
bringen, entstand dagegen keine Spur dieser Saure. Aber wie indif¬ 
ferent auch Essigsaure im Reagenzglas war, so lagen doch zum Zeit- 
punkt dieser Versuche schon mehrere Beobachtungen dariiber 
vor, dass im Milieu der Zelle die Bedingungen andere sein miissen. 
So wusste man schon seit langem, dass viele Schimmelpilzo den Auf- 
bau der Citronensaure vom Athylalkohol und von der Essigsaure aus 
vornehmen konnen (4) und sowohl Raistrick und Clark (5) wie auch 
Virtanen (6) hatten im Zusammenhang damit nine alte Hypothese 
von Claisen und Hori (7) ubernommen, die besagte, dass Citronen¬ 
saure durch eine einfache Aldolkondensation zwischen Essigsaure 
und Oxalessigsaure gebildet werden solle. 

CH3—COOH CH2—COOH 

CO—COOH ->HO—i—COOH 

inj-COOH ins-COOH 


Aber erst Isotopenversuche von Sonderhoff und Thomas (8) er- 
brachten dafiir den eindeutigen Beweis. Wie Wieland und Sonder¬ 
hoff (9) entdeckt hatten, wird durch Hefe unter aeroben Bedingungen 
Acetat zu einem Teil in Bernsteinsaure und Citronensaure uberge- 
fiihrt. Insbesondere bei Verwendung von Bariumacetat—wie 
Virtanen und Sundman (10) spater fanden auch bei Einsatz von 
Magnesiumacetat—lassen sich aus dem Reaktionsgemisch rund 10%, 
unter giinstigen Bedingungen sogar bis zu 40% (11) der umgesetzten 
Essigsaure als Citronensaure isolieren. 
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Sonderhoff und Thomas wiederholten diese Versuche mit Tri- 
deutero-essigsaure. Das Ergebnis ihrer Deuterium-Analyse zeigt 
Tabelle I. 


TABELLE I 

Deuteriumgehalt der aus Trideuteroessigsaure gebildeten 
Bernsteinsapre und Citronensaure (8) 


Atom-% n 


Acetat eingesetzt. 86.4 

Acetat zuriickgewonnen. 87.2 

Bernsteinsaure *. 27.1 

Citronensaure*. 27 9 


* Mittelwerte aus mehreren Versuchen. 


Atoin-% D (direkt an 
Ko}jl<*nstoff K(ibunden) 

86.4' 

87.2 

40.7 

55.8 


Es zeigte sich ausserdem, dass die Hefe einen Teil des Acetates zum Aufbau 
von Zellsubstanzen und zwar von Fett und Kohlehydrat verwendet hatte. Das 
Fett enthielt im Mittel 22.7 Atom-% D, die Eohlenhydrate hingegcn nur 1.6 
Atom-% D. 


Der hohe Deuteriumgehalt der Citronensaure deutet schon darauf- 
hin, dass bei ihrer Synthese das Acetat direkt beteiligt sein muss und 
in der Tat stimmen Theorie und Experiment sehr gut iiberein, wenn 
man sich die Synthese als im Sinne der Claisenschen Hypothese 
erfolgt denkt. 

CD3—COOH CD,—COOH 

CO—coon -► HO—COOH 

in,—COOH in,—COOH 

Ein Teil des Deuteriums muss in diesen Versuchen iibrigens iiber 
eine deuterierte Oxalessigsaure in das Molekiil der Citronensaure 
eingefiihrt worden sein, denn ware dies nicht der Fall, diirfte das 
Citrat nur genau halb so viel nicht austauschbares Deuterium enthal- 
ten wie das eingesetzte Acetat d.h. 43.2%. Tatsachlich wurde aber 
12% mehr gefunden. Der Uberschuss entstammt zweifellos der Oxal¬ 
essigsaure und stellt den Rest dar, der bei ihrer Bildung aus Bern- 
steins&ure, die ja laut Analyse viel Deuterium enthalt, weder durch 
Dehydrierung noch durch Austausch verloren gegangen ist. 

Den Experimenten von Sonderhoff und Thomas ist im allgemeinen 
nicht die Beachtung geschenkt worden, die sie verdient hatten. 
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Gewiss darf man Beobachtungen an Hefe nicht ohne weiteres auf den 
Tierkorper iibertragen und umgekehrt. Aber es setzt sich doch 
immer mehr die Erkenntnis durch (12), “dass man berechtigt ist, alles 
was in der lebenden Zelle geschieht, aus einheitlichen und allgemein 
giiltigen Prinzipien abzuleiten, handelt es sich um den Stoffwechsel 
der Hefe oder des Saugetieres/^ Und diese Erkenntnis war 1937 
schon gut fundiert; batten doch Arbeiten iiber die Hefegarung hin- 
reichend bewiesen, dass in Hefe- und Muskelzelle die anaerobe Zucker- 
spaltung, Avcnn man vom letzten Schritt absieht, den gleichen Weg 
geht. ^ 

Schuld daran hatte vicllcicht die Tatsache, dass Sonderhoff zwar 
den Deuteriumgehalt des Citrates nicht aber jenen der Bernstein- 
saure verniinftig deuten konnte (8). Denn er ging von der Annahme 
aus, dass die Bernsteinsaure durch dehydrierende Verkniipfung aus 
zwei Molekeln Essigsaure entstanden sei und da hatte die Hefe D4- 
Succinat liefern miissen. 

Diese Unstimmigkeit konnte erst beseitigt w^erden (13), nachdem 
Martius den Weg des Citratabbaus im Tierkorper gefunden hatte (14), 
und die Versuche von Wood, Hemingway, Werkman und Nier (15) 
sowie Evans und Slotin (16) ergeben hatten, dass im Cyklus gebildete 
Citronensaure weiterhin unsymmetrisch abgebaut wird. Die Bern¬ 
steinsaure dcr Hefe war cben nicht dirckt aus Essigsaure entstanden 
sondern iiber den Cyklus, sie musste die Struktur HOOC • CH 2 - CD 2 *- 
COOH besitzen und demnach halb soviel Deuterium enthalten wie 
die Essigsaure, von der man ausging. Tabelle I zeigt, dass die Analy- 
sen von Sonderhoff und Thomas dieser Forderung in nahezu idealer 
Weise geniigen. 

Einen Einwand, den Kamen gegen Lynens Interpretation der Isotopenver- 
suche von Sonderhoff und Thomas, die Genese des Succinats betreffend, erhoben 
hat (17), konnen wir nicht anerkennen. Kamen ist der Ansicht, dass die Do- 
Bernsteinsaure auch entstanden sein konnte iiber eine D^Bernsteinsaure, primS,r 
durch Dehydrierung zweier Molekeln Essigsaure gebildet, die dann sekundar 
infolge Einstellung eines reversiblen Gleichgewichtes zwischen Bernsteinsaure 
und Fumarsaure zwei Deuteriumatome gegen Wasserstoff ausgetauscht hatte. 
Aber es ist dann nicht recht einzusehen, warum dieser Austausch in vier verschie- 
denen Versuchen iibereinstimmend gerade bei zwei Deuteriumatomen halt macht 
und nicht bis zum vollstandigen Austausch des Deuteriums fiihrt oder zumindest 
zu schwankenden Werten. Im iibrigen hat sich Lynen bei seiner Diskussion der 
Isotopen-Versuche auf eine Reihe neuer Experimente mit gewohnlicher Essig¬ 
saure stiitzen konnen, die alle fiir einen Abbau im Citronensaurecyklus sprachen. 
Heute ist die Diskussion in unserem Sinne entschieden, nachdem Weinhouse und 
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Millington auf Grand neuer Experimente unter Verwendung C^’-markierter 
Essigsaure, die Folgerungen Lynens bestatigen konnten (18). 

Wenn somit die Arbeiten iiber den Al;)bau der Essigsaure durch 
Hefe, von Wieland und seinen Schiilern in den Jahren 1932-1943 
durchgefuhrt, letzten Endes die Erkenntnis brachten, dass Acetat 
im Citronensaurecyklus verbrannt wird, so war dies in zweifacher 
Hinsicht von Bedeutung. Einmal war es ein Beitrag ziim Mechanis- 
mus der Citronensauresynthese in der Zelle. Aber vielleicht noch 
wichtiger war es, dass sieh damit eine Beziehung zwischen Citronen¬ 
saurecyklus und Fettstoffwechsel aufgetan hatte, von dem man seit 
den grundlegenden Untersuchungen von Knoop iiber die /3-Oxydation 
wusste (19), dass Essigsaure dabei beteiligt sein musste. 

In der Folgezeit wurdr diese Beziehung experimentell klargestellt, 
woran neben vielen anderen auch das Miinchener Laboratorium 
beteiligt war. In Anbetraeht der Bedeutung, die das Studium der 
Vorgange in der Hefezellc dabei gespielt hat, sollcn die betreffenden 
Experimente einen bevorzugten Platz einnehmen. Uberdies schien 
es angebracht, gerade auch diese Versuche ein Mai zusammen- 
zufassen, um die Behauptung zu widerlegen, die Krebs im Jahre 1943 
aufgestellt hat (20): 

. to yeast, whore so far no clues to the mechanism of acetate oxidation are 
available. Wieland and his collaborators claim to have shown that yeast can 
convert acetate into succinate and citrate. Even if this were correct, which is 
doubtful, it would not solve the prol^lem of acetate oxidation. For both citrate 
and succinate are far too stable in yeast to be intermediary metabolites in a major 
oxidative process.” 

B. VERSUCHE UBER DEN ABBAU VON CITRONENSAURE UND C 4 - 
DICARBONSAUREN IN HEFE 

Lebende Hefe ist in der Tat zugesetztem Citrat und auch Succinat 
gegeniiber nahezu wirkungslos (21). Wie Lynen und Neciullah 
erkannten (22), tragt allein die wenig durchlassige Zelhvand daran die 
Schuld. Wird namlich die Membran der Hefe durch Einfrieren in 
fliissiger Luft geschadigt (23-25), dann tritt ein kraftiger aerober 
Abbau des Citrats in Erscheinung, dessen Geschwindigkeit die des 
Essigsaureumsatzes in lebender Hefe nahezu erreicht (22), Er folgt 
dem von Martins vorgezeichneten Weg iiber Isocitronensaure, a-Keto- 
glutarsaure zu Bernsteinsaure, von denen die beiden letzteren als 
Reaktionsprodukt isoliert werden konnten (22,26). 
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Da in Hefe das gesamte Fermentsystem des Citronensaurecyklus 
nachgewiesen worden ist (27-30), bestanden in Wiirdigung der Iso- 
topenversuche von Sonderhoff und Thomas keine grundsatzlichen 
Bedenken mehr gegen die Vorstellung, dass Essigsaure iiber den 
Citronensaurecyklus verbrannt wird. 

Im iibrigen ist lebende Hefe sowohl der Bernsteinsaure wie auch der 
Fumarsaure gegeniiber nur dann wirkungslos, wenn diese in Form 
der neutralen Salze zugesetzt werden. Bei Zugabe der freien Saure 
dagegen tritt Oxydation ein (13). Denn die Membran der intakten 
Zelle ist zwar fiir^Hks mehrfach geladene Anion impermeabel, nicht aber 
fiir die undissociierte Dicarbonsaure. Die besonders von Seiten der 
Mikrobiologen erhobenen Einwtode gegen die Bedeutung des Citro¬ 
nensaurecyklus fiir den Stofifwechsel der Einzeller, die sich auf die 
schlechte Eignung der Citronensaure als Kohlenstoffquelle stiitzen, 
verlieren unter diesem Gesichtspunkt viel von ihrer Bedeutung. Die 
Beriicksichtigung dieser Tatsache war auch entscheidend bei Ver- 
suchen iiber die Wirkung der Malonsaure auf den Hefestoffwechsel. 

Hemmung des Essigsaureabbaus in Hefe durch Malonsaure. 
Bekanntlich hat Maloriat, dessen selektive Hemmung der Succino- 
Dehydrase Quastel und Wooldridge beim Arbeiten mit Coli-Bakterien 



Abb. 1. Hemmung des Essigsaure¬ 
abbaus durch Malonsaure: (I) ohne; 
(II) m/30-Malonsaure. 100 mg Hefe 
in 3 cm^ m/150-Athylalkohol, 25 °C. 
Der Pfeil gibt die Oz-Menge an, die fiir 
die Oxydation des zugesetzten Alkohols 
zur Essigsaure benotigt wird (13). 


entdeckten (31), bei der Beweisfiihrung von Krebs eine wichtige 
Rolle gespielt. Krebs fand, dass Malonat den Pyruvatabbau im 
Brustmuskel der Taube nahezu vollstandig unterbindet, dass aber 
die Wirkung ausbleibt, wenn gleichzeitig Fumarat zugesetzt wird. 
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Die Oxydation ist dann allerdings unvollstandig; es bildet sich neben 
CO 2 noch Succinat, wie man es erwarten muss, wenn Pyruvat iiber 
den Cyklus zur Oxydation kommt (20). 

m/15 Malonat hat auf die Atmung der Hefe im allgemeinen und auf 
den Acetatabbau im besonderen keinen Einfluss (13,32). Kommt aber 
an Stelle des neutralen Salzes die freie Saure in Anwendung, so tritt bei 
gleicher Konzentration cino starke Hemmung in Erscheinung (13). 
Abb. 1 gibt einen Atmungsversuch mit Athylalkohol wieder. Die 
erste Phase der Oxydation, die Dehydrierung des Alkohols zur Essig- 
saure wird durch Malonsiiure kaum beeinflusst, die Oxydation der 
Essigsaure aber vollstandig gehemmt. Dieses Ergebnis ist wichtig, 
weil es beweist, dass der HeminstofF hier nicht ganz allgemein in den 
Wasserstofftransport—von den Deliydrasen zum Cytochrom—ein- 
greift, wie Szent-Gyorgyi dies annahm (33), sondern selektiv nur den 
Abbau der Essigsaure (13) hemmt. 

In Gegenwart der Malonsaure wird koine Kohlensaure mehr gebil- 
det, Fumarsaure wirkt dieser Hemmung entgegen. Jetzt wird Essig¬ 
saure wieder oxydiert grbsstenteils zu CO 2 , der Rest zu Synthesen 
verwendet. Die Annahme, dass Essigsaure mit Oxalessigsaure, die 


TABELLE 2 

Hemmung des Essigsaureabbaus durch Malonsaure und die Wirkung von 

Fumarsaure (34)* 


zugesetzt; 

vcrbraucht; 


gebildet; 


Fumarsaure 

Alkohol 

Fumarsaure 

Essigsaui 3 

Bernsteinsaure 

CO2 

_ 

1.02 

— 

0.82 

0.02 

0.04 

1.38 

1.06 

0.51 

0.08 

0.31 

1.26 


* 1.2 gr. Backerhefe (vorarmt) in 12 ml Wasser, die m/6-Athanol und m/20- 
Malonsaure enthalten; 30°; 6 Stunden unter O 2 gesohiittelt. Mengen in mMol. 


aus Fumarsaure stammt, die Kondensation eingeht und der weitere 
Abbau dieses Kondensationsproduktes iiber Oxalbernsteinsaure, 
a-Ketoglutarsaure, iiachdem 2 Mol CO 2 in Freiheit gesetzt wurden, 
durch Malonsaure auf der Stufe der Bernsteinsaure festgehalten wird, 
ergibt die plausible Erklarung fur die Annahme, dass gleichzeitig ein 
Teil der zugesetzten Fumarsaure verschwindet und dafiir Bernstein¬ 
saure auf tritt. 

Fiir diese Reaktionsfolge wiirde die Gleichung gelten: 

Alkohol + Fumarsaure + 5/2 O 2 -> Bernsteinsaure + 2 CO 2 + 2 H 2 O 
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Alkohol, Fumarsaure, Bernsteinsaure und Kohlendioxyd mus- 
sten demnach im Verhaltnis stehen, wahrend 1.7:0.8: 

0.5:2 gefunden wurde. Der gegeniiber CO 2 zu hohe Wert fiir Alkohol 
Itot erkennen, dass ein grosser Teil des Alkohols fiir synthetische 
Reaktionen verbraucht wurde (35,36). Im iibrigen ist zu beriick- 
sichtigen, dass die Hemmung der Succino-Dehydrase durch Malonsaure 
in Gegenwart von Bernsteinsaure nie vollstandig sein kann. 

Dass die Bernsteinsaure auf oxydativem Wege iiber den Cyklus 
entstanden sein muss und nicht etwa durch Reduktion von Fumar¬ 
saure an der voaJFischer und Mitarbeitern in der Hefe gefundenen 
Fumarathydrase (37,38), Hess sich mittels deuterierter Essigsaure 
beweisen (39), denn beim Einsatz von D^Essigsaure und gewohn- 
licher Fumarsaure entstaud eine Bernsteinsaure, bei der ein Drittel 
der direkt an Kohlenstoff gebundenen Wasserstoffatome durch 
Deuterium ersetzt war (Tab. 3, ref. 39). 

TABELLE 3 


Umsatz von Deutero-Essiosaurr und Fumarsaure in Gegenwart von 

Malonsaure* 



Esbigsaure 

Futnaraaure 

BcrnatPin- 

saure 


zu«e-s<'t -,t: 

verbraucht: 

zuKoaetzt: verbraucht: 

gefunden: 

in mMol 

30.5 

29.6 

51.7 31.9 

20.2 

Atom-% D im Anion 

97.1 

— 

0 — 

32.6 


* 120 gr. Biiokerhefe in Wasser, das 2.8 gr. Malonsaure (27 mMol) enthalt; 
Volumen 400 ml; 25°; Inkubationszeit: 8 Stunden. 


Eine direkte Reduktion der Fumarsaure hatte zu leichter Bern¬ 
steinsaure fiihren miissen. 

Vher den Abbau der Essigsaure im Tierkorper 

Es ist seit langem bekannt, dass Essigsaure nicht nur von einzelligen 
Organismen sondern auch in der Zelle der hoheren Lebewesen oxy- 
dativ abgebaut wird. Elliott und Mitarbeiter (40-42) fanden in ihren 
systematischen Untersuchungen an Gewebsschnitten einen Acetat- 
abbau in Niere, Leber, Him, und Hoden, in letzteren jedoch nur dann, 
wenn gleichzeitig Glucose zur Oxydation kam. Nach Liang (43) und 
Gorowitsch (44) hat auch die Lunge, nach Medes (45) und Mitar¬ 
beitern auch der Herzmuskel die Fahigkeit, Essigsaure zu oxydieren. 
Aber die Bedeutung der Essigsaure im intermediSren Stoffwechsel 
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des Saugetiers liessen erst die Isotopenversuche von Bloch und Rit- 
tenberg (46) zu Tage treten. Sie vcrfutterten mit markierte 
Essigsaure und berechneten aus dem Isotopengehalt der im Harn 
ausgeschiedenen Acetylverbindungen, dass im Saugetierorganismus 
pro 100 gr Korpergewicht taglich 0.9 bis 1.2 gr Essigsaure gebildet 
werden. 

Was den Mechanismus des oxydativen Abbaus betrifft, so batten 
schon Elliot und Greig (47) bei ihren Versuchen mit Leber und Niere 
geringe Mengen Bernsteinsaure nachgewiesen. Ausserdem lasst sich 
der Abbau durch Malonat hemmeu, wic WielanJ und Jennen (49) 
sowie Kleinzeller (48) an Niere beobachteten, was ebenfalls fur eine 
Beteiligung von Bernsteinsaure und ihrer spezifischen Dehydrase 
spricht. 

Dass der Abbau im Tierkorper tatsachlich den gleichen Weg ein- 
schlagt wie in der Hefe bewiesen Isotopenversuche von Buchanan, 
Sakarni, Gurin und Wilson (51) wie auch von Weinhouse, Medes, 
Floyd und Noda (50). Sie bebriiteten Aeetat, dessen Carboxylgruppe 
durch markiert war mit Homogenisatcn aus Meerschwcinchen- 
niere und wiesen den isotopen Kohlenstoff in a-Ketoglutarat, Succinat 
und Fumarat nach. 

Zur gleichen Zeit batten Rittenbcrg und Bloch (52) analoge Ver- 
suche in vivo ausgefiihrt. Sie verfiitterten an Ratten und Mause 
C^^-haltiges Aeetat und isolierten aus dem Eiweiss, insbesondere 
jenem der Leber, markierte Asparagin- und Glutaminsaure. Da 
beide Aminosauren mit Oxalessigsaure und a-Ketoglutarsaure im 
biologischen Gleichgewicht stehen war der Kohlenstoff aus dem 
verfiitterten Aeetat zweifellos iiber den Citronensaurecyklus dort- 
hinein gelangt. 

III. Der Mechanismus der Kondensationsreaktion 

A. NACHWEIS EINER ‘^AKTIVIERUNG” DER ESSIGSXURE 

Die Isotopenversuche von Sonderhoff und Thomas haben zweifellos 
bewiesen, dass beim biologischen Aufbau der Citronenstore die 
Gruppierung —CH 2 —COOH der Essigsaure unverandert bleibt. 
Damit war ein wichtiger Anhaltspunkt fiir den Mechanismus dieser 
Reaktion gewonnen, indessen musste vorerst noch ganz offen bleiben, 
ob an der Kondensationsreaktion Essigsaure selbst oder ein Derivat 
davon teilnimmt. Es eriibrigt sich, nochmals auf alle Argumente 
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einzugehen, die gegen einen Zusammenschluss von normalem Acetat 
mit Oxalacetat zu Citrat sprechen (vgl. Krebs, 20). Eines der starksten 
war zweifellos die Beobachtung von Kallmann (53), dass ausgewasche- 
ner Muskelbrei Citronensaure zwar aus Oxalessigsaure und Brenz- 
traubensaure bildet, die Synthese aber ausbleibt, wenn man Brenz- 
traubensaure durch Essigsaure ersetzt. 



Abb. 2. Wirkuiig von Alkohol auf die Induktionsperiodo beim Essig- 
saureabbau durch Ilefe (26): (I) 368; (II) 184; (III) 92; (IV) 37; (V) 

ohne. (7 Alkohol/Ansatz.) 100 nig Ilefe (17 Stdn. verarmt) in m/30- 
KII 2 PO 4 , 50 mMoI Na-Acetat, 25 °C. Der Pfeil zeigt den Zeitpunkt der 
Zugabe von Acetat und Alkohol. 

Auch an Hefe lagen experimentelle Beobachtungen vor, wonach die 
Citronensauresynthese einen komplizierteren Verlauf nimmt. So 
hatte man gefunden, dass weder lebende (54) noch eine durch Ein- 
frieren plasmolysierte Hefe (22) anaerob Essigsaure mit Oxalessig¬ 
saure zu kondensieren vermochte. Aufschlussreicher waren Beob¬ 
achtungen, wie sie bei Versuchen mit einer nach Wieland und Claren 
“verarmten^^ Hefe (55) gemacht wurden. 

Wenn man Hefe vor dem Versuch durch langeres Schiitteln unter 
O 2 ihrer Inhaltsstoffe beraubt, so kommt die Reaktion mit Acetat 
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erst nach mehrstundiger Induktionszeit in Gang, wahrend die Hefe, 
so wie sie aus der Brauerei oder Hefefabrik kommt, den Process sofort 
anlaufen lasst. Diese Induktionszeit lasst sich, wie Wieland und 
Probst fanden (56), durch geringe Mengen Athylalkohol auf- 
heben oder doch erheblich verkurzen (Abb. 2). Auch andere Sub* 
stanzen zeigen diesen Effekt, sofern die Hefe nur in der Lage ist, sie zu 
oxydieren. So kiirzen ausser Athanol auch Acetaldehyd, Glucose, 
Milchsaure, Brenztraubensaure, Bernsteinsaure, Bernsteinsaure- 
halbaldehyd und, was wichtig ist, auch Propanol und Butanol sowie 
die entsprechenden Aldehyde die Induktionszeit ab (26). Da die 
hoheren Alkohole durch Hefe im wesentlichen nur bis zu den ent¬ 
sprechenden Sauren oxydiert werden -Buttersaure bleibt ganz liegen, 
wahrend Propionsaure niu* sehr langsam abgebaut wird (57)—musste 
demnach auch die Wirkung von Athylalkohol und Acetaldehyd mit 
ihrer Oxydation zu Essigsaure im Zusammenhang stehen. 

Diese Wirkung ist eine zweifache. Einmal betrifft sie den Vorgang, 
der die fiir den Ablauf dos Kreisprocessfs notwendige Oxalessigsaure 
bereitstellt, zum zweiten deren Kondensation mit P]ssigsaure. Bei der 
ersten Reaktion handelt es sich nach Lynen um die Wood-Werkman 
Reaktion, die Carboxylierung von Brenztraubensaure, die aus den 
auch in verarmter Hefe noch vorhandenen geringen Kohlenhydratre- 
serven geliefert wird. Die fiir diese Carboxylierung notige Energie 
(58) muss von einem Oxydationsvorgang geliefert werden; wie wir 
auf Grund der Arbeiten von Ochoa wissen, ist es wahrscheinlich der 
bei der Dehydrierung von Alkohol bzw. Aldehyd verfiigbar werdende 
Wasserstoff geeigneten Potentiates, der sie zur Verfiigung stellt (58). 

Um den zweiten Effekt zu erklaren—die Wirkung auf die Konden- 
sationsreaktion—entwickelte Lynen (26) die Vorstellung, dass die 
Kondensation von Essigsaure mit Oxalessigsaure nur dann zustande 
kommt, wenn gleichzeitig ein Aldehyd zur Saure oxydiert wird. Es 
ist demnach notig bei “verarmter^^ Hefe, die ja kaum noch atmet, 
durch Zugabe eines oxydierbaren Aldehyds oder seiner Vorstufe den 
Acetatabbau in Gang zu setzen, ihn gewissermassen zu '‘entzunden.'' 
Ist aber die Reaktion einmal angelaufen, dann schafft die im Cyklus 
erfolgende Verbrennung der Essigsaure selbst die Voraussetzung fur 
die Kondensation und damit fiir eine vollstiindige Oxydation der 
zugesetzten Saure. Diese verbrennt also gewissermassen ‘‘in ihrem 
eigenenFeuer.” Nachneueren Versuchenkann nicht nur dieOxydation 
eines Aldehyds zur Saure diese Aktivierung bewirken, sondern auch 
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andere Oxydationsvorgange; Alkohol ist daher in aquivalenter Menge 
wirksamer als Aldehyd. 

Nach Lynen sind Oxydationsvorgang und Kondensationsreaktion 
liber stochiometrische, chemische Reaktionen miteinander gekoppelt, 
der Art, dass durch den Oxydationsvorgang entweder Essigsaure oder 
Oxalessigsaure chemisch substituiert werden und erst diese dadurch 
“aktivierten” Molekeln dann die Aldolkondensation zur Citronen- 
saure oder, wie damals angenommcn wurde, zu einer “Vorstufe^^ ein- 
gehen. Welcher der beiden Partner aktiviert wird liess sich auf 
Grund der ExiJBHmente Lynens nicht entscheiden. Es lag aber 
nahe, an die Essigsaure zu denken, denn es musste ja der Zweck dieser 
Aktivierung sein, die Wasserstoffatome der Methylgruppe reaktions- 
fahiger und der Kondensation zuganglicher zu machen. 

B. NACHWEIS EINES ‘‘AKTIVEN” 2C-FRAGMli:NTES BEIM 
PYRUVATABBAU IN TIERISCHEM GEWEBE 

Versuche mit ganz anderom Material, Herzmuskel und Pyruvat 
statt Hefe und Essigsaure, fiihrten Martius zu einer ahnlichen Auffas- 
sung. Nachdem die Reindarstellung und optische Spaltung der 
Oxalcitramalsaure gelungen war, jencs Stoffes, der in vitro aus Oxal¬ 
essigsaure und Brenztraubensaure so leicht entsteht (3), konnte die 
Frage experimentell gcpriift werden, ob diese Saure als Zwischen- 
produkt bei der Synthese in der Zelle anzunehmen war. Das Resultat 
war eindeutig: Weder Herzmuskel noch Leber oder Niere waren 
imstande, die Ketosaure zu Citronensaure abzubauen (59). 

Wenn daher Muskelbrei aus Pyruvat und Oxalacetat Citronensaure 
bildet (20,53), so musste eine Oxydation und nicht eine Kondensation 
die erste Stufe der Reaktionsfolge sein. Dies ging weiterhin aus 
Hemmungsversuchen mit zwei Stoffen von ganz verschiedenem 
Wirkungsmechanismus, a-Ketobuttersaure und Acetaldehyd, hervor. 
Die Wirkung der a-Ketobuttersaure beruht auf der kompetitiven 
Hemmung an der Brenztraubensaure-Dehydrase, die wie Long und 
Peters (60) gefunden hatten, auch die a-Ketobuttersaure angreift, 
wobei die Oxydation auf der Stufe der Propionsaure halt macht. 
Wahrend hierbei also die Nachlieferung des zur Kondensation mit 
Oxalessigsaure notigen 2C-Korpers direkt gehemmt wird, beruht die 
Wirkung des Acetaldehyds darauf, dass dieser mit der Oxalessigsaure 
in Konkurrenz tritt indem er seinerseits ebenfalls mit dem 2C-Korper 
reagiert. Fiir jedes weniger gebildete Molekiil Citronensaure tritt 
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dafur ein Molekiil Acetoin auf, dessen Entstehung aus primar 
gebildetem Diacetyl durch Reduktion erklart werden muss (59). 
Fiir das bei der Dehydrierung der Brenztraubensaure entstehende, 
offenbar sehr reaktionsfahige Produkt wurde die Struktur eines auf 
der Oxydationstufe der Essigsaure stehenden, in seinem Verbal ten 
Keten-ahnlichen Korpers in Betracht gezogen (59) (Mit der Formel 
CH 2 —CO sollte weniger die Struktur des Zwischenproduktes als 

vielmehr seine besondere Reaktionsweise bezeichnet werden). Das 
folgende Schema sollte die verschiedencn Moglichkeitcn der Weiter- 
reaktion andeuten. 

Reaktionsweise des ^^dkiiven'^ 2C-Fragmentes aus Pyruvat (nach 59) 
(1) Dehydrierung von Brenztraubensaure: 

CHa—CO—CO( fU -2 H-> CH 2 -C ’0 + CO2 



Weiterhin Acetylierung von Aminen usw. 

Oxydative Decarboxylierung der Brenztraubensaure und Bildung 
von Essigsaure neben vollstandiger Verbrennung zu CO 2 und H 2 O 
waren schon von Long und Peters bei ihren Arbeiten mit Tauben- 
himbrei aufgezeigt worden (60,61). 
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Durch die Beobachtung, dass der mit Oxalessigsaure Citronensaure 
bildende aktive 2C-Korper mit Acetaldehyd Diacetyl-Acetoin liefert, 
ist auch das Problem der Carboligase wieder neu aufgerollt worden. 
Man hat bisher meist angenommen (62), dass nur carboxylatisch 
gebildeter ^^nascierender” Acetaldehyd zur Acetoin-Bildung befahigt 
sei. Bei der angefiihrten Konkurrenzreaktion zwischen Oxalessig¬ 
saure und Acetaldehyd handelt es sich aber wohl mit Sicherheit um 
einen aiif der Stufe der Essigsaure stehenden Korper, der wie wir 
heute wissen, auch direkt aus Essigsaure gebildet werden kann (vgl. 
S. 190). Dami^Jgt aber die Moglichkeit aufgezeigt, wie sich Acetoin 
auch ohne Brenztraubensaure bilden kann, etwa auf dem Wege: 
Acetaldehyd —> Essigsaure “aktivierte’^ Essigsaure (+ Acetalde- 

I 2^ 

hyd) —> Acetoin. Frlihere Angabcn, wonach Acetoin direkt aus Ace¬ 
taldehyd entstehen soil (63), gewinnen damit wieder an Wahrschein- 
lichkeit. Da nach der neusten Auffassung die ^^aktivierte^' Essigsaure 
ein Phosphorsaurederivat sein soil, verdienen Beobachtungen von 
Silverman und Werkman Interesse (64), die gefunden hatten, dass 
Aerobacter aerogenes nur bei Gegenwart von anorganischem Phosphat 
Acetoin bildet, und das intermediare Auftreten eines phosphorylierten 
Korpers postuliert hatten. 

c. citronensAukebildung aus acetessigsAure und 

ANDEREN /S-KETOSAUREN 

Unabhangig von einander entdeckten Breusch (65,66) sowie Wie- 
land und Rosenthal (67), dass Niere, Gehirn, Herz und Skelettmuskel 
aus Oxalessigsaure und Acetessigsaure Citronensaure bilden und dass 
auch andere d-Ketosauren in diese Reaktion eintreten konnen (68). 
Insbesondere wenn sein Abbau durch Barium- oder Magnesiumsalze 
unterbunden war, Hessen sich grosse Mengen Citrat, bis zu 80% des 
eingesetzten Acetacetates, aus dem Reaktionsgemisch isolieren. 

Waren die hohen Citratausbeuten an sich schon von kaum abzu- 
leugnender Beweiskraft fiir die Herkunft der Saure, so erbrachte den 
unwiderlegbaren Beweis dafiir auch hier wieder der Isotopenversuch. 
Weinhouse, Medes und Floyd (69) wiederholten die Experimente von 
Wieland und Rosenthal an Niere unter Einsatz einer in Carboxyl-und 
Carbonylgruppe durch C^^ markierten Acetessigsaure und konnten in 
den primaren Carboxylgruppen des gebildeten Citrates grosse Men¬ 
gen C^^ nachweisen. Wie die Berechnung der Isotopenverdiinnung 
ergab, waren 70% der Citronensaure aus Acetessigsaure entstanden. 
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Vorher batten schon Buchanan, Sakami, Gurin und Wilson (51) iiber 
ahnliche Versuche berichtet; sie isolierten dabei a-Ketoglutarsaure 
und fandcn ausschliesslich in der zum Carbonyl cntfernt stehenden 
Carboxylgruppe. 

Die zunachst geaiisserte Vermutung (66,67), dass ein enzymatisch 
gebildetes Kondensationsprodukt aus Oxalessigsaure imd Acetessig- 
saure die Vorstufe der Citronensaure bildet, wurde den experi- 
mentellen Befunden von Wieland und Rosenthal nicht gerecht. 


Hooc— 0112—CO—coon 

4 - 

cib—(H)—Cl T.—coon 


OH 

I 

HOO(-—CH 2 -(> (’()()H 

ar2--co CH2 -cooH 

OH 

irooc -CH.>- C - (M)()H 
CII 3 —(H)—(41—COOH 


OH 

iiooc - c—(;ooH 

(^dl.-COOH 

4 - 

cu,co()n 

Insbesondere fandi'ii die beiden Autoren luium Essigsaure, dafiir 
aber mehr Citronensaure als man auf Grund dieses Reaktionsschemas 
erwarten dui-fte. Sie schlossen daraus, dass die Acetessigsaure irn 
Gewebe nicht nur mit einer Molekel Oxalessigsaure sondern mit zwei 
in Reaktion tritt (67), wie es dann spater auch durch die analytischen 
Bestimmungen von Hunter und Leloir einwandfrei belegt wurde (70). 

Die Annahme eines Primarproduktes jedoch, in dem sich die Acet¬ 
essigsaure zweifach mit der Oxalessigsaure kondensiert hat (67), 
erscheint wenig befriedigend und wird von Wieland selbst abgelehnt 
(12,67). Will man daher an einer Kondcmsation zwischen Acetessig¬ 
saure und Oxalessigsaure als erstem Schritt der Synthese lesthalten, 
dann bleibt nur die Annahme iibrig, dass die bei der anschliessenden 
Hydrolyse frei werdende Essigsaure sich iiber Acetessigsaure von 
neuem mit Oxalessigsaure vereinigt (66,67). 

Isotopenexperimente von Buchanan, Sakami, und Gurin (71), die 
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an sich zu einem ganz anderen Zweck ausgefiihrt warden, widerlegen 
jedoch diese Hypothese. Denn in diesem Fall miisste wahrend der 
Oxydation einer Acetessigsaure, die nur in der Carbonyl-oder nur 
der Carboxylgnippe enthalt—je nach Struktur des Kondensations- 
produktes—allmahlich in beiden Gruppen erscheinen. Buchanan 
und Mitarbeiter fanden das Gegenteil. 

Man nimmt daher heute allgemein an, dass eine Spaltung von Acet¬ 
essigsaure in ^‘aktivierte’^ Essigsaure die Reaktion einleitet (12,51,59, 
69,70,73) und sich dann die Kondensation in bekannter Weise an- 
schliesst. Dadulfiti wird es nicht nur verstandlich, dass die Acetes¬ 
sigsaure sich zweifach, namlieh mit zwei Mol ‘^aktivierter^^ Essigsaure 
an dieser Synthese beteiligt, sondern man sieht dann auch ein, warum 
die Synthese nur in gekoppelter Reaktion mit einem Oxydationsvor- 
gang erfolgen kann. 

Bereits Wieland und Rosenthal (67) wiesen nachdriicklich darauf 
hin, dass in den Versuchen mit Niere nur in Gegenwart von Sauerstoff 
Citrat gebildet wird. Unter Stickstoff findet praktisch keine Synthese 
statt und auch die Sauerstoffkonzentration der Luft lasst weniger 
Citronensaure entstehen als reiner Sauerstoff. 

TABELLE 4 

CiTRONENSAURESYNTHKSF. AUS AcETESSIGSAURE UND OXALESSIGSAURE (67) 

40 g. Nierenbroi (Rind), 100 ccm 0.8% NaCl-Losg., 2 mMol BaOl 2 , 1 mMoI 
Acetaretiit, 2 mMol Oxalacotat; 37®; 35 Minuton goschiittolt 

mg Citronensaure 


im Oasraurn gehildet 


O 2 . 170 

Luft. 97 

N2. 4 


Hunter und Leloir (70) haben sich unter Verwendung ausgewa- 
schener Nierenhomogenisate mit dieser gekoppelten Reaktion be- 
schaftigt und dabei gefunden, dass die Citronensauresynthese nur 
dann zustande kommt, wenn gleichzeitig eine Dehydrierung von 
Glutaminsaure oder a-Ketoglutarsaure nebenherlauft. Die Dehydrie¬ 
rung der a-Ketoglutarsaure kann aerob auf Kosten des Sauerstoffs 
erfolgen, aber auch anaerob, wenn uberschiissige Oxalessigsaure den 
verfiigbar werdenden Wavsserstoff aufnimmt. Hunter und Leloir 
fanden fiir die anaerobe Reaktion folgende Gleichung: 
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3 Oxalacetat + Acetacetat + a-Ketoglutarat-> 

-CO2 

2 Citrat + Malat 4- Succinat 

die entstanden ist aus den beiden gekoppelten Gleichungen: 

(a) Acetacetat + 2 Oxalacetat > 2 Citrat 

(b) a-Ketoglutarat + Oxalacetat Succinat + Malat + (JO^ 

Wie Hunter und Leloir annahmen, ist es die Aufgabe des Oxyda- 
tionsvorganges, in gekoppelter Reaktion ‘'aktivierte'' Essigsaure zu 
bilden, welche dann von selbst mit Oxalessigsaure die Kondensation 
zu Citronensaure eingeht. 

Damit ist aber die Syrithese aus Acetessigsaure auf den gleichen 
Mechanismus zuriickgefiihrt wie jene aus Acetat oder Pyruvat und 
der einzige Unterschied zu diesen besteht nur in der Reaktion, durch 
welche der cigentliche Reakdonspartner, “aktivierte^^ EssigsS.ure, 
entsteht. 

Beim Ubergang von Acctacjetat in den reaktiven 2C-Korper tritt 
Essigsaure selbst als Zwischenprodukt nicht auf. Dies geht schon 
daraus hervor, dass Acetessigsaure von Nierenhomogenat bedeutend 
schneller umgesetzt wird als Acetat, vor allem aber aus Experimenten 
mit isotop-markiertor Acetessigsaure. Denn beim Bebriiten dieser 
Saure mit gewohnlichem Acetat und a-Ketoglutarat unter Sauerstoff 
trat in die Ketosaure wesentlich mehr iiber als in Essigsaure (74). 

Die Reaktion komrnt also nicht in der Weise zustande, dass zu- 
nachst cine Spaltung der Acetessigsaure in zwei Molekiile Essigsaure 
erfolgt, die dann in gekoppelter Reaktion ‘^aktiviert'' werden. Wenn 
daher in der Zelle aus Acetacetat freie Essigsaure entsteht, wie es 
Tx'hninger (75) beobachtet hat, dann diirfte es sich hier um cine 
Stabilisierung der primar entstehenden ^‘aktivierten^' Essigsaure 
handeln, wie sie ja auch bei der Oxydation von Pyruvat auf tritt, wenn 
Oxalacetat fehlt. 

Immerhin waren dicse Versuche Lehningers ein Hinwies darauf, 
dass in der Zelle die C 4 -Kette der Acetessigsaure in zwei Acetyl- 
Bruchstiicke aufgespalten wird. Das Gleiche gilt fiir Versuche Lip- 
manns (76), in welchen die Acetylierung von Sulfonamid mittels 
atmender Homogenisate von Taubenleber studiert wurde. Lipmann 
fand, dass in diesem System Essigsaure als Quelle der Acetylgruppe 
durch Acetessigsaure ersetzt werden kann. 
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Im iibrigen ist die Spaltung der Acetessigsaure zur Stufe der 
l']ssigsaure nichts anderes als die Umkehr einer schon lange bekannten 
Reaktion, der Synthesc von Aeetacetat aiis Essigsaurc (77,78). Wie 
neue Versuche ergeben haben, lauft diese Synthese ebenfalls iiber 
‘^aktivierte^^ Essigsaure. 

D. DIE OXYDATION DKli FETTSXUREN 

p]ine wichtige Etappe aiif dcm Wcge zur Aufklarimg der biolo- 
gischen Oxydation Fette war die Entdeckung von Munoz und Leloir 
(79), dass nicht nur Leberschnitte, mit denen man Ins dahin bevorzugt 
experimcntiert hatte, sondern aucli Leberbrei, ja sogar ein ausge- 
waschenes Homogenisat aiis I.eber noch in der Lage ist, gesattigte 
Fettsauren wie Butter-, Valerian-, Onanth-, und Vaprylsaure oxydativ 
abzubauen (80,81). Bot sich doch damit die Moglichkeit, die Koin- 
ponenten dieses Oxydationssystemes zu studieren. Es stellte sich 
dabei heraus, dass deni Reaktionsgemisch ausser anorganisidiem 
Phosphat, Magnesium-oder Mangansalzen, Adenosinmonophosphat 
und Cytoehroin c aueh noeli Fumarat zuzusetzen war. Konntc man 
so zwar schon vermuten, dass auch hier der Citronensikirecyklus 
beteiligt ist, so erbrachten den definitiven Beweis dafiir erst Arbeiten 
Lehningers. 

Lehninger (82^84) hat in einer Reihe schoner Arlieiten dieses En- 
zymsystem eingeliend studiert, liauptsachlich unter Verwendung von 
Caprylsaure als Substrat. Wie er entdecktc^, schlagt die Oxydation 
der Saure in Gegenwart von Malonat verschiedene Wege ein, je nach- 
dem ob Fumarat zugegen ist oder nicht. Ohne Zusatz geht Gapryl- 
saure quantitativ in Acetessigsaure iiber nach der Gleichung: 

CIE -(CTr,),~C()OIT + 'Mh -> 2CH,—CO—CIE—COOir + 2H,() 

In Gegenwart stochiom(drisch(‘r Mengen Fumarat dagegen wird 
weniger Aeetacetat gebildet; dalur entstehen nunmehr unter Ver- 
brauch von Fumarat Citronensaure und ihre Umsetzungsprodukte. 
Der Umsatz des Caprylats wird aber durch den Zusatz nicht heein- 
flusst (Tab. 5). 

Wie Lehninger weiterhin fand, verhiilt sich Brenztraubensaure im 
Enzymsystem des Leberpraparates ww die Fettsaure. Auch hier 
fuhrt die Oxydation in Abwesenheit von Fumarsaure ausschliesslieh 
zii Acetessigsaure, mit Fumarsaure dagegen teilweise wieder zu den 
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TABELLE 5 

Umsatz von Caprylsaurb durch Leberenzym in Gegenwart 
VON Malonat (84) 

2.5 ml Leberenzym, 0.8 ml MgS 04 (0.005 m), 0.8 ml Phosphatpuffer (0.008 m), 
0.8 ml Malonat (0.01 m), 0.8 ml ATP (0.0019 ni) und 1.4 ml Wasser; ausserdem 
0.4 ml Caprylat (0.001 m) und 0.6 ml Fumarat (0.009 m) bzw. 0.6 ml Wasser; 
31°; 34 Minuten a(^rob geschiittell. Abmgenangaben in C-Aquivalenten (1 n 
Atom C = 22.4 fx\). 


ohn« init 

Fuiriarat Futnarat 


Caprylsiiure verbraucht. 1056 1056 

gef unden; 

Acetessigsaure. 980 528 

Citronens. + Isocitronens. + Aconits. 16 185 

o;-Ket()glutarsaui’e -f Bcansteinsaure. 10 216 


Saiiren des Citronensaurecyklus (84). 

2 CTin—CO— coon + o,-> cii.,— CO— C 7 f>— cx)on 4- 2 co, + n,o 

Da aber das Priiparat unter den gleichen Bedingimgen aus zugesetz- 
tem Acetacetat und Oxalacetat kein Citrat bildet, kann die Ketosiiure 
kein Zwischenprodukt der Syntliese seiri. Somit bleibt nur die An- 
nahme iibrig, dass die Oxydation sowohl bei der gesattigten Fett- 
saiire wie auch bei der Hrenztraubensaure zunachst zii cinem reak- 
tionsfahigen 2C-Korper fiihrt, der sich mit Oxalacetat zu Citronen- 
saurc kondensieron kann, in Abwesenheit dieses Partners aber mit 
sich selbst reagiert und dabei Acetessigsaure licfert (84). 

Dass Acetessigsaure aus der bei der i3-Oxydation der Fettsauren 
abgespaltenen Acetylgruppe aufgebaut wird, batten auch schon Iso- 
topenexperimente von Weinhouse, Modes und Floyd (85) nahegelcgt. 
Sie fanden nach Bebriitung von C'aprylsaure, deren Carboxylgruppe 
durch markiert war, mit Leberschnitten unter Sauerstoff eine 
Acetessigsaure, die sowohl in der Carboxylgruppe wie in der Carbonyl- 
gruppe cnthielt. Dies ist aber nur zu erkaren, wenn Acetessig¬ 
saure nicht direkt aus Ckprylsaure entsteht sondern die Fettsaure 
zunachst oxydativ in 2C-Fragmente aufgespalten wird, die sich dann 
anschliessend wieder zu Acetessigsaure kondensieron. Buchanan, 
Sakami und Gurin (71) konnten die Versuche von Weinhouse und 
Mitarbeitern bestatigen und erganzen. Im iibrigen verhalt sich But- 
tersaure wie die Caprylsaure (86). 
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Auch von der Essigsaure aus kommt man zur Acetessigsaure, wie 
schon Embden und Loeb (77) in Durchstrdmnngsversuchen an Leber 
entdeckt batten und neuerdingvS mit Hilfe der Isotopenmethode an 
atmenden Gewebsschnitten bestiitigt werdon konnte. Insbesondere 
in Leber (87) und Niere (45) wird ein grosser Teil der zugesetzten 
Essigsaure iiVjer Acetessigsaure verbrannt, so dass verschiedentlich 
in der Ketosaure ein obligates Zwisehenprodukt des Aeetatabbaus 
geschen wurde (67,87). LJiese Voi-stellung ist aber falseh. Derm eine 
genaue Analyse der Isotopenverteiliiiig liess erkennen, dass auch in 
der Niere nur die Ifelfte des Acetates liber Acetessigsaure verbrannt 
worden war, der Rest jedo(*h auf eii^em direkten Weg (45). Im 
Gegensatz zu Leber und Niere entsteht beim enzymatischen Essig- 
saureabbau durch Herzmuskvl keine Spur der Ketosaure. Medes und 
Mitarbeitcr (45) ziehen aus ihren Yersuchen den Sc'hli.ss, dass im 
Gewebe aus Essigsaui'e zunachst eine ‘^akti\uerte^^ Essigsaure gebildet 
wird, die dann in den Gatronensaurecyklus eingehen kann, in Leber 
und Niere al^er infolge eines Mnngels an Oxalessigsaure zu Acetessig¬ 
saure zusammentritt. Sekundar kann dann die Acetessigsaure wieder 
zu ^^aktivierter^’ Essigsaure aufgespalten werden. Die Ketosaure 
liegt somit nur in einem Seitenweg des Aeetatabbaus. 

Da die Bildung von Ac('tessigsaure aus Essigsaure wie auch ihi'e 
Oxydation im Citronensaurecyklus liber die “aktivierte’’ Essigsaure 
erfolgt, ist es verstandlic^h, dass die Synthese nur zustande kommt, 
wenn Oxydatiunsenergie verfligbar ist (87). Arbeitet man daher mit 
ausgewaschenen Gewebsliomogenisaten, dann muss ausser Acetat 
noch eine leicht oxydierbare Substanz wie Pyruvat (88) odor eine 
Saure des Cj^klus zugesetzt werden (89,90). 

Die beiden synthetischen Reaktionen, die einerseits zu Acetessig¬ 
saure andrerseits zu Citronensaure flihren, sind demnach miteinander 
verwandt, denn bei beiden ist die gleiche '‘akti\uerte’' Essigsaure 
beteiligt. Es ist daher zu erwarten, dass lOrfahrungen, die man beim 
Studium des einen Vorganges gemacht hat, auf den anderen liber- 
tragen werden koimen und umgekehrt. Diese Vermutung hat sich 
bei Untersuchungen aus jiingster Zeit, welche die chemische Struktur 
der ‘‘aktivierten” lAsigsaure klarstellen konnten, glanzend bewahr- 
heitet (128,143). 

E. DIE NATUR DER “AKTIVIERTEN” ESSIGSAURE 

Das Problem des bei der Citronensauresynthese intermediar auf- 
tretenden 2C-Korpers ist lange Zeit ratselhaft gewesen und scheint 
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erst in allerletzter Zeit einer endgiiltigen L5sung nahergeriickt zu sein. 
Alle z.Z. fiir die ‘‘aktivierte^^ Essigsaure diskutierten Formeln stim- 
men darin iiberein, dass es sich um eine Verbindung der Phosphor- 
saure imd der Essigsaure bzw. eines auf gleicher Oxydationsstufe 
stehenden 2C-Korpers mit hohem Energieinhalt handeln muss. 

Schon friihere noch nicht ini Hinblick auf den Citronensaurecyklus 
gemachte Arbeiten batten die Notwendigkeit der Phosphorsaure beim 
Umsatz der Brenztraubensaure ergeben. So hatte Lipmann an 
Lactobacillus Delhruckii gefunden, dass die Dehydrierung dor Brenz¬ 
traubensaure nicht vom Ilydrat ausgeht, v\ ie bishor die Annahme war, 
sondern von einem Addukt dor Phosphorsaure iind zu Acetylphos- 
phorsaure fiihrt (91-93). 

c'H,— CO—cooH 4- irro.— ch,— co—o—po,-- + co.. 

Fehlt anorganisches Phosphat, dann findet iiberhaupt koine De¬ 
hydrierung der Ketosaure statt. Tierische Gewebe wie Gehirn (97), 
Niere (94,97), Leber (94) oder Muskel (95,96) verhalton sich ganz 
analog, jedoch ist hier aussor Phosphat auch no(4i Mg'^+ und Adeno- 
sinphosphat zuzusetzen, die niedermolekularen Kompononten enzy- 
matischer Transphosphorylierungssysteme. Ihro Wirkung ist eine 
doppelte, wie sich an einer Aktiviorung des Pyruvatuinsatzes einer- 
seits, andrerseits abor an einer weit dariibor hinausgohenden Steig- 
erung der Atmung zu erkeniien gibt. Wahrend ohne das Coferment die 
Oxydation im wesentlichen nur bis zur Stufe der Essigsaure fiihrt und 
somit pro Mol umgesetzter Brenztraubensaure etwa H Mol Sauer- 
stoff verbraucht werden, steigt nach Zugabe der Adonylsaure der 
Sauerstoffverbrauch auf das Doppelte, ja sogar noch hoher an und 
weist damit auf eine iiber die Stufe der Essigsaure hinausgehende 
Oxydation hin (97,101). 

Das Adenosinphosphat nimmt dabei die Energie des Oxydations- 
vorganges zu einem grossen Teil auf (94,95). Wie Ochoa fand (96), 
werden fiir jede oxydierte Molekel Pyruvat etwa 15 Molekeln Adeno- 
sintriphosphat aus dem Diphosphat synthetisiert. 

Beim Abbau von Essigsaure tritt die Phosphorylierung ebenfalls in 
Erscheinung, wie zuerst an Hefe (98) spater auch an Leber und 
Niere beobachtet wurde, und das Gleiche gilt fiir den Abbau der 
hoheren Fettsauren (100,144). Diese Beobachtungen und die 
Erkenntnis, dass Dissimilation und Synthese in der belebten Natur 
ganz allgemein iiber die energiereichen Bindungen der Adenosin- 
phosphate miteinander verkniipft sind, fiihren fast zwangslaufig dazu, 
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die Funktion der mit der Synthese von Citronensaure aus Oxalessig- 
saure und Essig- oder Acetessigsaure gekoppelten Oxydationsvorgtoge 
in der Bereitstellung von Adenosintriphosphat zu suchen (siehe auch 
103-105). Sowohl bei der aeroben Dehydrierung von Alkohol oder 
Acetaldehyd durth Hefe (98,99) wie auch bei der Dismutation 
zwischen a-Ketoglutaraure und Oxalessigsaure im Nierenhomogenisat 
(106) Hess sich eine Phosphorylicrung nachweisen. AIs beweisend 
fur diese Auffassung diirfen Versuche von Stern und Ochoa angesehen 
werden, in welchen die Bildung von Citronensaure aus Essigsaure und 
Oxalessigsaure beoGachtet werden konnte, wenn zu den Versuchs- 
ansatzen ausser einer Proteinfi aktion aus getrockneter Taubenleber 
und einer Losung des ^^Coenzyms A^^ noch A.T.P. hinzugefugt wurde 
(128). Auf die Bedeutung'des Coenzyms A fiir die Synthese der 
Citronensaure sci hier nur kurz hingewiesen. 

Zusammenfassend ergibt sich: Wahrend die Dehydrierung der 
Brenztraubensaure unter Aufnahme anorganischen Phosphates dirokt 
zur phosphorylierten Verbindung fiihrt, muss dieses Zwischenprodukt 
aus Essigsaure und Acetessigsaure in einer anaeroben Reaktion mit 
Adenosintriphosphat gcbildet werden. 

Es war nahcliegend, in dem Zwischenprodukt jencs Acctylphosphat 
zu vermuten, welches naen Lipmann bei der Pyruvatdehydrierung 
durch Milchriaurebakteru n entsteht, Aber die reine Verbindung, von 
Lynen zu diesem Zwecke erstmals als kristallisiertes Silbersalz syn- 
thetisch hergestellt (107), enttausehte. Weder plasmolysierte Hefe, 
noch Herzmuskelbrei oder Nierenhomogenisat vermochten zusammen 
mit Oxalessigsaure aus ihr Citronensaure zu vsynthetisieren (30,59,70).* 

IV. Aconitase 

A. EINLEITUNG 

Unter den Teilreaktionen des Citronensaurecyklus verdient die 
von dem Enzym Aconitase bewirkte reversible Umwandlung Citro¬ 
nensaure ^ m-Aconitsaure Isocitronensaure aus zwei Griinden 
besondere Beachtung. Erstens weil die Frage: Citronensaure- oder 
Tricarbonsaurecyklus? d.h. die Frage nach dem Primarprodukt der 
Reaktion zwischen Oxalessigsaure und dem ‘^aktiven’’ 2C-Korpcr aufs 
engste mit dem Aconitaseproblem verkniipft ist. Zweitens weil die 
Kinetik dieses Processes Besonderheiten aufweist, die damit zusam- 
menhangen, dass es sich dabei um das einzige bisher bekannte Beispiel 
cines enzymatisch gekoppelten Dreikorpersystemes handelt. 

* Siehe Nachtrag bei der Korrektur, S. 221. 
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Die erste Beobachtung iiber die Bedeutung der m-Aconitsaure und 
ihrer Hydratisierung beim Abbau der Citronensaure wurde von Mar¬ 
tins (14) gemacht, der nachweisen konnte, dass im Gegensatz zur stets 
als inaktiv befundencn ^mns-Form der Saure die as-Aconitsaure im 
Thunbergversuch die Citronensaure ebenso ersetzen kann wie Iso- 
citronensaure und dass sie sich auf enzymatischem Wege in Citronen¬ 
saure iiberfuhren lasst. Der Nachweis eines besonderen, von der 
bekannten Fumarase verschiedenen Enzymes wurde unabhangig 
voneinander von Martins (108) und von Jacobsohn (109) erbracht, 
der Name Aconitase von Brcusch (110) fiir dieses Ferment vorge- 
schlagen. Die von Jacobsohn aufgestellte Hypothese (109,111), dass 
die Aconitase aus zwei Teilenzymen bestehe, von denen das eine die 
Reaktion m-Aconitsaure ;=::i Citronensaure, das andeie die Reaktion 
m-Aconitsaure ^ Isocitrononsaure katalysieren solle, hat sich als 
falsch erwiesen (112). Insbesonderc sprechen aiich die Ergebnisse der 
kinetischen Untersuchungen cindent ig gegen eine solche Auffassung. 

B. VORKOMMEN, EIGENSCHAFTEN UND BEETNFLUSSUNG DES 

FERMENTES 

Entspcchcnd ihrer Zugehorigkeit zu dem E'ermentsystem des 
Citronensaurecyklus gehort die Aconitase zu den ubicpiitar vorkom- 
menden E^ermenten. Sie wurde bisher in alien daraufhin untersuchten 
Materialien, Bakterien, Hefe, pflanziichen und tierischcn Geweben 
gefunden (108,109). Vergleichende systematische Untersuchungen 
liber den Aconitasegehalt biologischer Objekte liegen bisher noch 
nicht vor. In tierischem Gewebe geht der Gehalt an Aconitase im 
allgemeinen der Grosse des aeroben Stoffwechsels parallel; Leber, 
Herz, Niere, Taubenbrustmuskel sind besonders rcich an dem Elnzym. 

Uber die chemische Natur der Aconitase, die zu den Lyoenzyrnen 
rechnet, ist wenig bekannt, was damit zusammenhangt, dass die 
Darstellung hochgereinigter oder kristallisierter Priiparate noch 
nicht gelungen ist, offenbar weil mit zunehmender Reinigung die 
Stabilitat des Enzymes stark abnimmt. Zu 23-fach angcreicherten 
Praparaten gelangten kiirzlich Buchanan und Anfinsen (114) durch 
Alkohol- und Ammonsulfatfallung bei niederer Temperatur. Die 
erhaltenen Praparate mit einem Reinheitsgrad von maximal 30% 
enthielten noch Hamoprotein, Isocitrico-Dehydrasc und wenig Fuma¬ 
rase als nachgewiesene Verunreinigungen. 

Begleitende Proteine iiben einen schlitzenden Einfluss auf das E'er- 
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merit aus, in gleicher Weise wirkt Glycerin und vor allem auch die 
Substrate (114). Der Aconitasegehalt wassriger Muskelextrakte 
nimmt daher schnell ab, wahrend Glycerinausziige haltbarer sind 
(113) und eiweissreiche I./eberextrakte bei 0° lange ihre Aktivitat 
bewahren (108). 

liber die Abtrennung oder den Nachweis einer Wirkgruppe oder 
eines Aktivators organischer oder anorganischer Natur ist bisher noch 
nichts bekannt geworden. Da durch nicht zu lange ausgedehnte 
Dialyse eine Abnal^e der enzymatischen Aktivitat nicht bewirkt 
wird, liegt eine leicht abdissoziiercnde Wirkgruppe jedenfalls wohl 
nicht vor. Der Einfluss verschiedener Substanzen auf die Aktivitat 
der Aconitase ist von Krebs untersucht worden (113). Als stark 
hemmend erwiesen sich: Cu'^'^, HgCb, HCN, H 2 S; bei gereinigten 
Enzympraparaten auch Cystein (Buchanan und Anfinsen, 114). 
Diese Befunde waren vielleicht mit der Annahme von SH-Gruppen 
als fiir die Wirkung des Fermentes wesentlichen Bestandteilen gut 
vereinbar. Eine von Jacobsohn (109) angegebene starke Hemmung 
durch NaF wurde nicht wieder beobachtet (113). Leider konnte bisher 
kein einziges Enzymgift aufgefunden werden, welches spezifisch nur 
die Aconitase hemmt, ohne die an der Synthese der Citronensaure 
beteiligten Fermente zu scliadigen, so dass es nicht moglich war, auf 
diese Weise die Frage nach dem Primarprodukt des Citronensaure- 
cykills zu losen. 

C. SUBSTRATE UND KINETIK DER ACONITASE 

Wie schon einleitend erwahnt stellt die Aconitase insofern eine 
Besonderheit dar, als sie als einziges bisher bekanntes Enzym auf 
drei chemisch verschiedene Substrate eingestellt ist, welche sie in- 
einander bis zu einem Gleichgewichtszustand zu uberfuhren vermag. 

Von diesen war dank ihres Vorkommens in vielen Pflanzen die 
Citronensaure am langsten und besten bekannt; ihre Anwesenheit in 
tierischen Gewebsfliissigkeiten entdeckt und systematisch untersucht 
zu haben ist das Verdienst Thunbergs und seiner Schule. 

Von den vier mdglichen stereoisomeren Formen der Isocitronensaure besitzt 
nur die linksdrehende Form der norinalen Isocitronensaure physiologische Bedeu- 
tung. Sie wurde erstmals von Nelson (115,116) im Salt der Brombeere aufge¬ 
funden. Synthetische Praparate der racemischen Saure unterscheiden sich inso¬ 
fern, als das aus Chloral und Bernst(*insaure uber Trichlormethylparaconsaure 
hergestellte Produkt (117) reine racemische Isocitronensaure darstellt, wahrend 
man durch Reduktion von Oxalbornsteinsaureester rnittels Pt-H 2 , Raneynickel 
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Oder Aluminiumamalgam stets wechselndc Gemisehe von rac. Isocitronensaure 
und der unphysiologischcn Allo-Saure erhiilt. Eine optische Spaltung der Race- 
mate bereitet Schwierigkeiten und ist bisher noch nicht befriedigend gelungen. 

Analytisch liisst sich (— )-Isocitronensaure am einfachsten polarimetrisch bo- 
stimmen, da sie mit Molybdat einen Komplex mit hoher spezifischer Drehung 
bildet (108). Doch muss boriicksichtigt werden, dass die spez. Drehung des 
Komplexes in hohem Masse abhangig ist von der Konzentration und von gleich- 
z(‘itig anwesenden anderen Sauren insbesondere Citronensaurcj. Die im P'olgenden 
angegeb(‘nen, auf neuesten Messungen beruhenden Wert(‘ fur [a] (gemessen mit 
d(‘r gruiien Hg-Linie 546) gelten daher nur bei genauer Einhaltung der Versuchs- 
bedingungen. 

Spezifischo Drehung des Isocitrat/Citrat-Gemiscdie.s 1:0. Bei Gegenwart von 
Molybdat. Konzentration der Isocitronensaure: 

0.02 m [a] - 870° 

0.01 m [a] = 785° 

0.004 m [a] 740° 

0.002 m [a] = 650° 

Wahrend die unphysiologische trans-Form der Aconitsdure sehon mehrfach aus 
pfianzlichem Material (118) und aus Bakterienkulturen (119) isoliert worden ist, 
konnte das Vorkommen der c/s-Saure nur ind’rekt erschlossen werden, da die 
freie Saure sich sehr leicht in die bestandigere <mns-Form umlagert. Die Salze der 
c/.s-Saure sind dagegen bei physiologischen Wasserstoffionenkonzentrationen sehr 
viel stabiler (113), als man nach den Angabeii der Entdecker (120) iiber die Stabili- 
tat der Saure zunachst annehrnen konnte. Unter bestimmten Bedingungen findet 
sogar spontane Umlagerung trans-cis statt (113,121). Die analytische Bestim- 
mung kann durch quantitative Hydrierung zu Tricarballylsaure erfolgen (122); 
iiber die Bestimmung der Summe von m-Aconitat + Isocitrat vgl. (113). Pra- 
parativ ist eine Trennung der Isomeren iiber das Sr-Salz moglich (121). 

Die Einwirkung tierischer oder pflanzlicher Gewebe oder Gewebsextrakte auf 
eine dieser drei Sauren fiihrt zu einer teilweisen Umlagerung in die beiden anderen 
bis zur Erreichung eines Endgleichgewichtes (108,110). Dies liegt nach den 
ziemlich ubereinstimmenden Befunden von Martius und Leonhardt (112) bzw. 
Krebs und Eggleston (113) bei 89.2(89.5)% Citronensaure, 7.7(6.2)% Isocitro¬ 
nensaure und 3.1(4.3) cfs-Aconitsaure. Vom pn der Losung scheint die Lage 
di(‘ses Gloichgewichtes nicht wesentlich beeinflusst zu werden (123); das Gleiche 
gilt fiir den Einfluss der Temperatur. 

Dei- Reaktionsverlauf bei Einwirkung des Enzymes auf eines der Substrate in 
riMiier Form ist verschieden. Analoge Reaktionsabl&ufe sind bisher nur bei nicht- 
enzyinatisch verlaufenden Umlagerungen, wie bei der Mutarotation der Glucose 
beobachtet worden (124). 

Verfolgt man polarim(‘tiisch die Umwandlung Citronensaure —► Isocitronen¬ 
saure, so erhiilt man Kurven nach Abb. 3 (108). Die Reaktion beginnt mit maxi- 
maler Geschwindigkeit, urn dann exponentiell bis zum Gleichgewichtsendwert 
abzufallen. Dieser zeitliche Reaktionsablauf schliesst aus, dass die Aconitsaure 
zwangslaufig Durchgangsstufe bei der Isocitronensaurebildung ist, da in diesem 
Falle anfanglich eine kurze Induktionsperiode zu beobachten sein miisste (punk- 
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tierte Kurve!). Es muss also aus Citronensaure am Ferment ein Zwischenprodukt 
entstehen, das nicht mit c/s-Aconitsaure (vdllig) identisch ist und direkt zur Iso- 
saure weiter reagieren kann (125). Dieses “Zwischenprodukt” diirfte allerdings 
der m-Aconitsaure sehr nahe stehen und dann unter Aufnahme von H und OH ~ 
bzw. Stabilisierung zu c^s-Aconitsaure weiterreagieren konnen. 



Abb. 3 Kinetik dor Rcaktion (.’itrat-Isocitrat. m/5 Citrat, 1 ml Leberex- 
trakt/50 ml Ansatz, pu 7.4, 37 ®C. 

Der Reaktionsverlauf entspricht also dem Schema: 

(Gl.l.) Citronensaure Zwischenprodukt ± Isocitronensaure 


cw-Aconitsaure 

und nicht dem einfacheren: 

(G1.2) Citronensaure ^- cis-Aconitsaure , ■ Isocitronensaure 

Die gegenseitige Umwandlung der bciden Oxysauren fiihrt demnach 
nicht “liber'^ Aconitsaure, sondern “an der Aconitsaure vorbei." 
Solange keine besondere Funktion der Aconitsaure bekannt ist muss 
sie als—offenbar unvermeidliches—Entgleisungsprodukt der Umlage- 
rungsreaktion erscheinen. 

Dieser Reaktionsverlauf schliesst nun mit Sicherheit aus, dass wie 
von Jacobsohn behauptet zwei verschiedene Aconitasen unter- 
schieden werden miissten (109,111), da in diesem Falle die Umwand¬ 
lung der Citronem in die Isocitronensaure die Bildung und Wanderung 
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freicr Ac'onitsaure von dem einen ziim anderen Enzym zur Voraus- 
setzung hatte. 

Verfolgt man die enzymatise.he Reaktion indem man von reiner 
cis-Aconitsaure oder Lsocitronensaure aiisgeht, so beobachtet man 
einen sehr eigenartigen Ablauf (108). In beiden Fallen nimmt die 
Menge gebildeter Citronensaure stiindig zu, wahrend die der zweiten 
daneben entstehenflon Saure dun^h ein ausgepragtes Maximum lauft. 
Abb. 4 zcigt das fur den Fall der Aeonitsiiure als Ausgangsmaterial. 


Abb. 4 Kinotik der Reaktion 
cis-Aconitat-Isocitrat. m/10 cis- 

Aconitat, 10 ml Lebercxtrakt/100 
ml Versuchsarisatz, pn 7.4, 37 
Kurve berechiiet riach Gl, Seite 190. 



Man kann dieses Verhalbm vorteilhaft aiisnutzen zur Darstellung der 
optisch aktiven lsocitronensaure, indem man irn Augenblick maxi- 
maler Bildung von Isocitrat die Reaktion unterbricht und die Saure 
liber den Laktonester isoliert (108). 

Startet man mit lsocitronensaure, so erhalt man analoge Kurven 
fiir die Bildung und das Verschwinden von Aconitsaure. Die auch 
hier mit maximaler Geschwindigkeit einsetzende Citronensaure- 
bildung zeigt anfangs ebenfalls wieder keirie Abhangigkeit von der 
Menge gleichzeitig gebildeter und anwesender Aconitsaure, was 
wiederum fiir einen Reaktiornsverlauf im Sinne der Gl. 1 spricht (125). 

Der beobachtetc zeitliche Verlauf der Aconitasewirkung lasst sich 
deuten durch die Annahme einer Zwisehenverbindung von Ferment 
und Substrat, die in monomolekularer Reaktion in Citronensaure, 
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m-Aconitsaure oder Isocitronensaure und Ferment zerfallt und auch 
in (scheinbar) monomolekularer Reaktion aus den drei Komponenten 
gebildet wird; iinter den Versuchsbedingungen besteht keine Ab- 
hangigkeit der Bildungsgeschwindigkeit von der Substratkonzentra- 
tion. Die matheniatische Behandlung der Reaktionskinetik fiihrt 
auf drei simultane lineare Differentialgleichungen, als deren Losung 
entsprechend drei Fxponentialfunktionen auftreten, von denen aber 
eine so rasch abfallt, dass sie zu vernachlassigen ist. Der zeitliche 
Ablauf wird also durch zwei iiberlagerte Exponentialfunktionen 
wiedergegeben, womi? die experimentellen Befundc gut ubereinstim- 
men. So wird z.B. der beobachtete Anstieg und Wiederabfall der 
Isocitronensaure, wenii Aconitsaure als Ausgangsmaterial gewahlt 
wird, befriedigend dargestellt^durch die Gleichung (125): 

I = 0.()00p-‘‘ 2' - 0.677^-'* -h 0.077 

D. DER “unsymmp_:trisc:he” abbau der citronensXure 

Wie schon mehrfach erwahnt wurde, ist aus den verschiedencn 
Versuchen mit isotop markierter Essigsaure und Oxalessigsaure, die 
der in den Citronensaurecyklus fiihrenden Kondensationsreaktion 
unterworfen worden waren, der Schluss gezogen worden, dass die 
symmetrisch gebaute Citroriensaure nicht Primarprodukt der Reak- 
tionskette seiii konne (15,16). Denn wenn man von markierter Essig¬ 
saure CH 3 COOH ausging, land sich das isotope C-Atom beim 
tibergang a-Ketoglutarsaure Bernsteinsaure fast vollsttodig in 
letzterer wieder, wahrend es umgekehrt bei diesem Schritte verloren 
ging, wenn man es als CO 2 d.h. aber iiber Oxalessigsaure eingefiihrt 
hatte. Da sich die eingefiihrten isotopen C-Atome in den primaren 
Carboxylgruppen der Isocitronensaure befunden haben mussten, 
schied diese Saure bei der Diskussion, welches das erste Reaktions- 
produkt sein konnte aus, und man hat angenommen (15), dass dieses 
czs-Aconitsaure sein miisse. Die Citronensaure aber liege nur im 
Nebenschluss wie etwa die Milchsaure bei der Glycolyse (siehe 
Schema Seite 168). 

Zur experimentellen Erhartung dieser Hypothese ist von Krebs (126) angegeben 
worden, dass die Geschwindigkeit der Reaktion cis-Aconitsaure Isocitronen¬ 
saure bei niedrigen Konzentrationen schr viel grosser sei als die der Reaktion cis- 
Aconitsaure Citronensaure. Die erste der boiden Reaktionen sei bei 0.5 mo- 
larer Konzentration der Aconitsaure 1.5 mal, bei 0.03 molarer 4 mal und bei O.OOl 
molarer sogar 10 mal schrieller als die der zwei ten gleichzeitig verlaufenden. 
Unter physiologischen Bedingungen werde daher aus primar entstandener 
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Aconitsaure fast nur Isocitronensaure gebildet, deren Abbau mit der Bildung 
Schritt halte. Diese Angaben konnten indessen nicht bestatigt werden (125). 
Tm Konzentrationsbereich von m/5-in/250 m-Aconitsaure wurde das Verhaltnis 
der Geschwindigkeiten der Wasseranlagerung an die Doppelbindung als konstant 
gefunden (was auch theoretisch sehr viel wahrscheinlicher ers(dieint). Dabei 
verlauft die Bildung der Isocitronensaure nur etwa 1.2 mal so schnell als die der 
Citronensaure. Dann miissten aber rund 22% der reagierenden Aconitsaure nach 
der “falschen” Seite bin abgebaut werden. 

Auch ein zweiter, von Krebs zur Stiitze der Aconitsaur(‘lhei)ri(‘ herangezogener 
Versuch konnte nicht bestatigt werden. Von der tTberlegung ausgehend, dass, 
wenn Citronensaure erst s(;kundar aus Aconitsaure und Isocitronensaure ent- 
stiinde, dann zu Anfang eine Anhaufung dieser beiden Sauren zu beobachten .sein 
miisste iiber den Wert von 11% hinaus, den die Summe ihrer Oleichgewichtswerte 
ausmacht, wurden Syntheseansatze nach kurzer lleaktionszeit unterbroehen und 
der Gehalt an Citronensaure sofort. und na<‘h langerer Inkubation mit aconitase- 
haltigen Praparaten bestimmt. Ein bctrachtliches Plus im zweiteri Falle wurde 
als Beweis fur eine anfangliche Anhaufung der beidcm anderen Sauren und damit 
als Bestatigung der Aconitsauretheorie angesehen. In entsprechend angeordneten 
Versuchen (C.M. unverdflFentlicht), in denen in der zweiton Phase durch Zusatz 
von Arsenit oder Selcnit die Weit(‘rbildung von Citronensaure aus O.xalacetat 
und Pyruvat mit Sicherheit unterbunderi wordeu war, konnten indessen niemals 
derartige k]ff(*kte bcobachtet werden. 

Damit ist die Aconitsauretheorie aber als nicht mehr haltbar zu 
bezeichnen, umsomehr als eine Reihe anderer Beobachtungen eben- 
falls gegen sie sprechen (vgl. 128) und, wie Ogston (129) gezeigt hat, 
liberhaupt kein zwingender Grund besteht, aus den Isotopenversuchen 
den Schluss abzuleiten, dass Citronensaure nicht Primarprodukt des 
Cyklus sein konne. Denn es ist wie Ogston gezeigt hat, falsch 
anzunehmen, dass die idcntischen Gruppen einer symmetrischen 
Verbindung, die aus einer optisch aktiven Vorstufe hervorgcgangen 
ist (oder, was auf dasselbe hinauslauft, die an einem optisch aktiven 
Ferment entstanden ist), uberhaupt nicht imterschieden werden 
konnten, weil sie mit den liblichen chemischen imd physikalischen 
Methoden nicht zu unterscheiden sind. Ein ja immer asymmetrisches 
Enzym, das sich mit einer symmetrischen Verbindung kombiniert, 
kann das aber unter zwei sehr plausiblen Voraussetzungen: (/) dass 
das Enzym die symmetrische Verbindung an drei Stellcn bindet, und 
(2) dass die beiden Punkte, an denen die identischen Gruppen des 
Substrates gebunden sind, sich in ihrer katalytischen Wirksamkeit 
unterscheiden. In dem Schema Abb. 5 etwa darf die Abspaltung von 
H 2 O nur innerhalb des von a' und b' eingeschlossenen Atomgruppen- 
bereiches stattfinden. 
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Eine experimentelle Bestatigung dieser Theorie gaben Potter und 
Heidelberger (130), die aus Pyruvat und C^^02 mittels Leberhomo- 
genisat zuerst Citronensaure synthetisierten und die isolierte Saure 
dann enzymatisch weiter abbauten. Der Abbau verlicf programmge- 
mass ganz unsymmetrisch nach der ^‘Oxalessigsaureseite’’ bin. 


OH 



Eine von Martins und Schorre rein synthetisc^h hergestellte, also 
^^raeemische^' Di-Deutorocitronensaure (HOOC—CH 2 —COH 
(COOH)—CD 2 —COOH) wurde dagegen genau symmetrisch abge- 
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Uevidiertes Schema des Citronensaurecyklus. 
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baut, obwohl bei der bekannten geringeren Reaktionsgeschwindigkeit 
des Deuteriums der Abbau naeh der CD 2 -Seite bin an sich schwerer 
gehen sollte als nach der CH 2 -Seite bin (131). 

Man darf also unter Beriicksicbtigung dieser Tatsacben die Cit- 
ronensaure wieder an die erste Stelle des Cyklus riicken und daber mit 
Recbt wieder von einem Citronensdure- statt Tricarbonsaurecyklus 
sprecben. Das Schema auf Soite 198 fasst die seit 1943 gemacbten 
neuen Erkenntnisse zusammen. 

V. Oxalbernsteinsaure—Ochoa-Reaktion 

In seinen systematiscben Untersucbungcn iiber die Citronensaure- 
bildung im Herzmuskel macbte Hallmann (53) eine zunacbst uner- 
klarlicbe Beobacbtung. Er fand iiamlicb die bocbsteri Citrataus- 
beuten nicbt etwa beim Bebrtiten von Pyruvat und Oxalacetat, wie 
man es nacb der seinerzeit allein diskuticrten Vorstellung erwarten 
sollte, sondern beim Bebruten des Cewebes mit a-Ketoglutarsaure, 
konnte aber den Weg dieser Syntbose nicbt finden. Erst die Arbeiten 
Ocboas (132), die von einer ganz anderen Fragestellung ausgingen, 
bracbtcn die von Hallmann vergeblic^b versucbte Deutung. Danacb 
konnen dieselben Enzyme, wcbdie Citronensaure abbauen, auch um- 
gekebrt ibren Auf ban verinitteln. 

Citronensaure ^ .1 Isocitronensjiure 


+ 2 H 


-2 U 


Oxa Ibernste i nsaure 


a-Ketoglutarsiiiiro -f CO 2 

Am Angelpunkt der Reaktionskette stebt Oxalbernsteinsaure, das 
von Martins (14) vorausgesagte Debydrierungsprodukt der Isocit- 
ronensaure. 

A. DARSTKLLUNG UND EIGENSCHAFTEN DEH 

oxalbernsteinsaure 

Zur Darstellung der Oxalbernsteinsaure ist man auf synthetische Methoden 
angewiesen. Als Ausgangsmaterial dient der nach der Vorschrift von Wislicenus 
synthctisierte Triathylest(*r, aus welchem Lynen und Scherer (133) durch Versei- 



200 


r. MARTIUS AND F. LYNEN 


fung mit konzentrierter Salzsaure, Fallung und Fraktionierung der in vordiinnt^nn 
Alkohol unloslichen Bariumaalze, Zerlegung mit Schwefelsaure und Kivstallisation 
aus Essigester-Chloroform die reine Saure vom Schmp. 80-81 ° gewinnen konnten 
(Abb. 6). Da es aber fiir die Mehrzahl der enzymatischen Versuche nicht un- 
bedingt notig ist mit der reinen Saure zu arbeiten, kann man si(;h hiiufig mit dem 
roh(*n, im troeknen Zustand haltbaren Bariumsalz begniigen, wie es auch von 
Oehoa (102) bereitet wurde. 



Abb. 6. Krystallisierte Oxalbernsbunsaure (X 15) (134). 


Im Gegeuisatz zur Oxalessigsauro kry.stallisiert Oxalbernsteinsaure in der Keto- 
form (I) und eist in Losung tritt teilweise Knolisierung zu Oxyaeonitsaure (II) 
ein (134). 


COOII 

CO 

(I) I 

CH—CH2~C00H 

ioOH 


CX)()H 

(^:on 

(^X)OH 


coon 


( 11 ) 


Eine fiir die biologische R(;aktionsweise charakteristische Eigensehaft der wiiss- 
rigen Losung von Oxalbernsteinsaure ist ihr Zerfall zu a*Ketoglutarsaure und 
CO 2 , wie er im sauren Gebiet und am Ncutralpunkt aber auch in al kalischer Liisung 
bis etwa p„ 13 beobachtet wird. Seine Geschwindigkeit hiingt selbstverstiindlich 
von der Temperatur, daneben aber ganz ausgepragt vom p„ der Losung ab 
(Tabelle 6) (133). 
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TABELLE 6 


Stabilitat von Oxalbernsteinsaure in wassriger Losung (133,134) 


Tomperatur 

Ph 

Jfc* 

HalV)wert8zeit 
(in Minuten) 

o 

O 

CO 

n/lO-NaOH 

0.032 

22 

30° 

2.7t 

0.148 

4.7 

30° 

6.0 

0.042 

16 

20° 

6.0 

0.013 

52 


* k = Geschwindigkeitskoiist ante fiir die inonomolekulare Zerfallsreaktion. 
t Aciditat eiiier 5.8 X 10 '^ mol. Losung von Oxalbcrnsteinsaui*'^ in Wasser. 


X()(*h bedeutungsvoller in bioiogiseher Hinsieht isi die Talsache, dass gewisse 
mehrwertigo Metallioncn schon in sohr kl(‘irier Konzentration (m/1000) den De- 
carboxylierungsvorgang katalytisch besehleunigcm, insbesondere die dreiwertigen 
Al^'^^ und F(‘ + + +, sowie die zv\'ei\vertig(“n und Zn'*’+. Andere zweiwertige 

Metalle, wie Mg^^, Mn"' ^ oder Ca"^^ haben dagegen in gleicher Konzentration 
angowandt nur eine geringe Vvirkung (102.133) (Tabelle 7). 

TABELLE 7 

WiRKrNG VON .Metaij.en auf die Decarboxylierung der 
Ox A LBKR N STEI NS AURE (102)* 

nun* CO 2 in 5 Minutcn 


Ztisatz I'ntwickelt 


Ohru' . 47 

0 001 m-CaCl2. 36 

0.001 m-MgOU. 50 

0.001 m-Mn(;i,>. 41 

0.001 m-ZruS04. 76 

0.001 m-CuS04. 187 

0.001 m-FeS 04 . 110 

0.001 m-FeCb. 245 

0 001 m-AMSOO.,. 255 


* 16 ^iMole ()xalb(‘rnsteinsaure in 0.18 m-Acetatpuffer, ph 5.1, bei 25°. 

Die Katal>’s(‘ beruht auf der Fiihigkeit der aktiven Kationen init Oxalbern- 
st(*insaur(* bzvv. d(;r damit im Keto-Enol-Gleiehgewicht stehenden Oxyaconitsaun* 
zu labilen Metallkomplexen zusammenzutreten, die unter Abspaltung von CO^ 
rasch zerfallen. Wahrend sich der Komplex mit schon fiir das freie Auge 

dureh eine intensive violettrote Farbc zu erkennen gibt (102,133), l^st sich die 
entsprechende Verbindung mit AD + + nur im Ultraviolett nachweisen, wo sie bei 
250 m/i intensive Absorption zeigt (135) (Abb. 7), die aber, wie auch die Farbung 
mit Fe'^^’^, infolge Decarboxylierung der Saure rasch verblasst. Die wenig 
aktiven Mn^-^ oder Mg++ verandern das Absorptionsspektrum der Oxalbern¬ 
steinsaure nur geringfiigig fvgl. Abb. 8. S. 202), ein Beweisdafiir, dass die geringe 
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katalytische Fahigkeit mit ihrem Unvorinog(?n zur Komploxbildung in clirekter 
Beziehung steht. 

Um Oxalbernsteinsiiure quantitativ zu bostimmcn, gibt es zwei Vorfahren. 
Bei der manomotrischen Methode (102,133) wird das durch Anilin in saun;r Ld- 
sung abgespaltcne CO 2 in der Barcroft-Warburg-Apparatur genajssen, wiihrend 
die optischo Methode (134) sich der Ai)sorption bei 270 m/x dv.s mit n/lO-Natron- 
lauge gebildeten Enolat-Ions d(*r Oxyaconitsaure bedient. 



Ai>b. 7. Absorptionsspektren der 
0;calbernsteinsaure und ihies Alumiri- 
iurnkomplexes i)ei pn 7.3 (135): (I) 5 X 
10m-Oxalsueeuiat; (II) 5 X 10 
m-Oxalsuc*einat und 2.5 X 10~’ m- 
A]2(S04)3. 



Af)l). 8. Absorptionsspektrum des 
( \arboxy las(‘- OxaU)ernst (‘insaiire-Kom- 
plexes (J35): (I) Oxalsuecinat; 

(II) Oxalsuceinat und 1.67 X 10m- 
MnCb; (III) Oxalsuceinat, MnC'b 
und 0.2 cm® Enzyrn (Schweinehc'rzex- 
trakt). 1.67 X 10'^ m-Oxalsuccinat, 
pH 7.3 in 3 cm®, kSchichtdicke 1 cm. 


B. OXALBERNkSTEINSAURE-CARBOXYLASE 

Wenn auch Oxalbernsteinsaure in wassriger Ivbsung wenig bestan- 
dig ist und einer raschen Decarboxylierung unterlicgt, so reicht die 
Geschwindigkeit des Spontanzerfalls doch nicht aus, um damit den 
Umsatz in der Zelle zu erklaren. Hier ist vielmehr eine spezifische 
Oxalbernsteinsaure-Carboxylase am Werk, die Ochoa und Weisz- 
Tabori (136) in Extrakten aus Schweineherz und davon unabhangig 
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Lynen und H. Scherer (137) in Extrakten aus Pferdeleber entdeck- 
ten. Daruber hinaus ist das Ferment in der belebten Natur weit 
verbreitet, denn es konnte in Taubenbrustmuskel (136), Niere (133, 
136), Gehirn (136), Hefe (133), Aspergillus niger (133) und hoheren 
Pflanzen (138) nachgewiesen werden, dlirfte aber zweifellos allge- 
mein in alien Zellen enthalten sein, in denen der Citronensaurecyclus 
eine Rolle spielt. 


TAHIOLLE 8 

VORKOMMEN DER ()XALBERN8TE1NSAURE-CaRBOXYLASE IN I'lERlSCIIEN OrGANEN 

(136) 


Gowobe 

0 * 

Srhwpinoherz.. 

840 

Taubenbrustmuskel. 

. 740 

Sehweineniere. 

. 230 

Schweineleber. 

. 80 

Taubenleber. 

. 60 

Ochsenhirn. 

. 94 

Affenhirn. 

. 45 


* Oco: = cmm C ()2 cntwickelt pro Stuiide und ing Protein; der Bcrochnung 
wurde das in den ersten 5 Minuten iiber den Spontanzerfall hinaus entwickelte 
CX )2 zu Orunde golegt. 

Die hochste Konzentration erreicht es im Schweineherz und im 
Brustmuskel der Taube (Tabelle 8), so dass diese Organe in erster 
Linie als Ausgangsmaterial fiir die Darstfdlung des Ferments in 
Betracht kommen. Grafflin und Ochoa (139) stellten aus einem 
Acetonpraparat aus Schweineherz in zwei Stufen, bestehend aus 
Fraktionierungen mit Ammonsulfat und mit Alkohol, ein gegeniiber 
dem Rohextrakt sechsfach angereichertes Enzympraparat dar. 
p]in etwa viermal weniger wirksames Enzympraparat gewannen 
Lynen und Scherer (133) aus Pferdeleber, doch war hier, wegen der 
sehr viel geringeren Aktivitat des Ausgangsmaterials eine 130-fache 
Anreicherung durchzufiihren. 

Die bisher reinste Enzymlosung aus Schweineherz, die keine 
Aconitase, wohl aber no(;h Isocitrico-Dehydrase enthalt (vgl. S. 212) 
ist wenig bestandig und biisst schon bei 0° ihre Wirksamkeit inner- 
halb kurzer Zeit ein. Zwar l^st sich aus der eingefrorenen Losung im 
Hochvacuum ein haltbares Trockenpraparat bereiten, doch geht bei 
dieser Prozedur nahezu die Halfte der Aktivitat verloren. 
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Das Ferment besitzt ein breites Wirksamkeits-Optimum zwischen 
Ph 5.6 und 7.4 (133,136) und wird erst bei p„ 5.0 infolge Denaturie- 
rung weitgehend inaktiv. Seine Specifitat ist ausgepragt, denn es 
reagiert ausschliesslich mit Oxalbernsteinsaure und verhalt sich sugar 
der dazu in naher Verwandtschaft stehenden ()xalessigsaure gegen- 
iiber vollkommen indifferent (136). 

Schon bei Versuchen mit rohen Fnzymlosungen stellte sieh heraiis, 
dass die Oxalbernsteinsaure-Carboxylase kein einfaches Protein, 
sondern ein konjugiprtes dissoziierendes Metallproteid ist. Das 
gereinigte Carboxylaseprotein ist katalytisch unwirksam und wird 
erst zum Ferment durch Vereinigung mit Salzen des Mangans (133, 
136) Oder des Cobalts (140)^ Das im Leben mit dem Protein ver- 
bundene Metall ist wahrseheinlich Mangan, mit dem das Protein aus 
Pferdeleber zur Halfte gesMtigt ist, wenn die Mangansalzkonzent ra¬ 
tion in der Losung 2.9 X 10“^ (Mole/Liter) betragt (133). 

Ob auch Magnesium mit dem Protein reagiert, ist nocdi nieht (*ndgiiltig ent- 
schieden. Zwar kann Magnesium, in aquivalenter Menge angewandt, Mangan 
nicht ersetzen (133,136), doch e'< h(‘.steht noeh die Moglichkeit, dass die .Vtfinitat 
des Proteins zum Magnesium kleiner ist und somil erst bei hbher(‘r Konz('ntration 
ein aktives Magnesiumproteid gebildet wird. Damit wiirde tnne alte Beobaeiitung 
aus dem Laboratorium von J']iiler (141) (dne Krklarung ftnden, wonaeh bei der 
enzymatischen Dcdiydrierung von Isocitroiumsaure zu a-Ketoglutarsaure und 
CO 2 unter anderem auch Mn"^ ^ notwendig ist, dieses aber durch giossere Mengen 
Mg^ + ersetzt werdcai kann. 

Wenn die Carboxylase Oxalbernsteinsaure spaltet, so kommt diese 
Wirkung liber die Bildung eines ternaren Komplexes aus Carboxy¬ 
laseprotein, Mangan und Oxalbernsteinsaure zustande. Lynen und 
Scherer (133) bestimmten aus kinetisehen Daten die l^issoziations- 
konstante der Ferment-Oxalbernsteinsaure-V(‘rbindung und fanden 
bei 30® und p„ 6.0 fur das Ferment aus Pferdeleber den Wert: 

I) = =. ] 2 X 10 ()H8/Litcr) 

C(FermciU OBS) 

Noch iiberzeugender ist aber der direkte spektrophotometrisehe 
Nachweis dieser ternaren Verbindung, der Kornberg, Ochoa und 
Mehler (135) gelang. Wie aus Abb. 8 zu ersehen ist, die ein Ergebnis 
ihrer Messungen wiedergibt, vertodert Mn + + allein das Spektrum 
von Oxalsuccinat nur geringfiigig (vgl. S. 2C2), wird aber nun ausser- 
dem noch das Carboxylaseprotein zugesetzt, dann steigt die Absorp¬ 
tion betrachtlich an. Durch Messungen bei 240 uifi lassen sich Bil- 
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dung imd Zerfall des Komplexes sehr schon verfolgen (Abb. 9). In 
den ersten Sekiinden nach Zusammengeben der drci Komponenten 
nimmt die Absorption kraftig zu, um nach Durchschreiten eines 
Maximums anschliessend dann nach Massgabe der Decarboxylie- 
ningsgeschwindigkeit bis zu einem, der gebildeten a-Ketoglutar- 
saure entsprechendcn Wert abzunehmen. 0.134 m-Kaliumchlorid 


Abb. 9. Sp(‘ktrale WranderuriKoii wahrc‘nc! 
der enzymatischen Deearboxylierunj? vc'ii 
Oxalbernsteinsaure (135): (I' Oxal.suceiiiat 

iind MiiCb; (Tl) Oxalsueeinat and 0.1 cm® 
Knzym (Schweineherzextrakt); (111) Oxal- 
8uccinat, M 11 CI 2 and Enzym. 1.67 X 10“^ m- 
Oxalsuccinat, 1.67 X 10“^ m-MnC'b in 3 
cm®, S(;hichtdicke 1 cm, Welk'iilange 240 ni//. 
la, Ila und Tlla wic 1, II und III, abcr jeweils 
mil 0.134 m-K(4. 



verandert das Bild in charakteristischer Weise, indem es einerseits die 
mit Mn"^^ allein zu beobachtende Extiriktionszunahme verhindert, 
auf der anderen Seite aber die Erscheinungen potenziert, wie sie nach 
Zugabc von Carboxylaseprotein und Mn‘''+ zusammen auftreten. 
Diese Aktivierung durch Kaliumchlorid, die sich auch manometrisch 
in einer erhohten C02-Entwicklung kundtut, beruht auf einem un- 
spezifischen loneneffekt und lasst sich in gleicher Weise auch mit 
Kaliumbromid oder Kochsalz erzielen. Im iibrigen gibt sich auch 
spektrophotometrisch die Spezifitat des Proteins fiir Mangan zu erken- 
nen; in entsprechenden Versuchen mit Magnesium tritt zwar nach 
Zugabe des Rations allein noch dieselbe geringfiigige spektrale Ver- 
anderung ein wie nach Zugabe von Mn'^^", aber hier lasst sich dieser 
PJffekt durch Zugabe von Protein nicht verstarken. 

Kornberg, 0(4ioa und Mehler sprechen im Zusammenhang mit 
den spektrophotometrischen Messungen zwar nur von einem Oxal- 
succinat-Mangan-Komplex, dessen Bildung und Zerfall durch das 
Carboxylaseprotein beschleunigt werden. Da dies aber nur moglich 
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ist, wenn sich das Eiweiss selbst aktiv am Komplex beteiligt, diirfte 
es zweifellos richtiger sein die beobachteten starken Extinktionen auf 
die Entstehung einer ternaren Verbindung zuruckzufiihren. Damit 
wird es auch verstandlich, warum die Hohe des sich wahrend des 
Versuchs ausbildeiiden Absorptionsmaximums in direkter Proportion 
zum zugesetzten Enzym steht, ebenso wie die in den ersten Sekunden 
nach Mischen der drei Komponenten zu beobachtende Extinktions- 
zunahme. 

Auf dioser direkten^Beziehung, die zwischen Fermentmenge und Extinktions- 
anstieg wahrend 15 Sekunden besteht, bauten Grafflin und Ochoa (139) einen 
optischen Test zur Bestimmung des Carboxylaseproteins auf, welcher gegeniiber 
der sonst angewandten manomet|‘ischen Messung der C02“Entbindung (133,136) 
den Vorzug hat, weniger Zeit zu beanspruchen, empfindlicher und aueh bei neu- 
traler oder schwach alkalischer Reaktion anwendbar zu sein. 


Im Zusammenhang mit der Frage nach Aufbau und Wirkungs- 
mechanismus der Carboxylase sind auch Versuche fiber die Ferment- 
hemmung durch Pyrophosphat und Isocitronensaure aufschlussreich 
gewesen. Pyrophosphat wirkt, indem es freics Mangan durch Kom- 
plexbildung abfangt und damit das Fermentgleichgewicht im Sinne 
der Dissoziation verschiebt (133). 

Mn-Proteid (aktiv) Protein (inaktiv) + Mn"^*^ 


4- Pyroi)ho8phat 


Komplexsalz 

Isocitronensaure hingegen hemmt das Ferment durch Konkurrenz 
(136,139); es setzt sich an jene Stelle des Proteins, an der sonst 
Oxalbernsteinsaure gebunden wird und verdrangt damit das Substrat 
aus dem ternaren Komplex. Man kann daraus den Schluss ziehen, 
dassdas Substrat in der Enolform, d.h. als Oxyaconitsaure (II), mit 
dem Ferment reagiert, denn zwischen dieser und Isocitronensaure (III) 
besteht strukturelle Verwandtschaft. In diesem Zusammenhang ist 
es bemerkenswert, dass auch m-Aconitsaure (IV) eine Hemmung 
ausiibt, wenn auch in wesentlich schwacherem Masse als Isocitro¬ 
nensaure (136). 
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CH2—COOH CII2—COOH 

HOOC—C=i—COOH HOOC—CH—<!)H—COOH 

An Ah 

(II) (III) 

CHr-COOIl 

HOOC— Cn=A— COOH 
(IV) 

Auch aiif Grund der spektrophotometrischen Messungen muss man 
annehmen, dass die Fermentreaktion von Oxyaeonitsaure ausgeht. 
Denn die Versuche Ochoas und seiner Mitarbeiter (135) haben er- 
geben, dass die fermentative Katalyse mit Mn++ in Parallele gesetzt 
werden darf zur reinen Metallkatalyse durch Fe'^+^ oder 
und beide Male die Reaktion durch Bildung eines Metallkomplexes 
eingeleitet wird. Dem Komplex mit Aluminium diirfte die Struktur 
(V) zukommen, so dass man fiir den Fermentkomplex eine ganz ana- 
loge Formulierung (VI) ins Auge fassen konnte. 



(V) Aluminiumkoniplex 


(VI) Fermentkomplex (?) 


Auf diese Weise kame man zu einer einfachen Erklarung fiir die 
Funktion des Carboxylaseproteins. Wahrend die dreiwertigen 
Kationen ganz ausgesprochen zur Komplexbildung mit Oxalsuccinat 
bzw. dem damit im Gleichgewicht stehenden Oxyaconitat befahigt 
sind, verfugt freies Mn++ nur iiber eine geringe Affinitat, so dass hier, 
wie man es nach dem Massenwirkungsgesetz erwarten muss, erst bei 
hohen Mangankonzentrationen der Komplex entsteht und damit ein 
katalytischer Effekt wahrnehmbar wird. Durch das Dazwischentre- 
ten des spezifischen Proteins, das gleichzeitig Mn*^'*' und Oxyaconit- 
saure bindet, werden aber auch hier die Voraussetzungen geschaffen, 
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dass schon hei geringen Mangankonzentrationen ein Metallkomplex 
gebildet werden kann. Die Katalyse selbst beruht auf der Tatsache, 
dass fur die verschiedenen Metallkomplexe der Oxalbernsteinsaure 
die Aktivierungsenergie der Decarboxylierung kleiner ist als fur die 
freie Saure. 

Durch die Beteiligung des Proteins ergibt sich fiir die Zelle ausser- 
dem noch die Moglichkeit, die Decarboxylierung auch riickwarts 
laufen zu lassen und aus a-Ketoglutarsaure und CO 2 , wie es die 
Thermodynamik vorschreibt, in geringem Umfang Oxalbernstein¬ 
saure zu bilden. Oflfte Protein ware eine solche Reaktion, da Cs sich 
ja dann um eine trimolekulare Reaktion handeln miisste, die von a- 
Ketoglutarsaure, COi und Metali ausgehend, direkt zu einem Oxy- 
aconitsaure-Metallkomplex ftihrt, ausserst unwahrscheinlich. 

('. CARBOXYLIERUXd VON a-KETOOLUTARSXURt: ZU 
oxalbernsteinsaure (OCHOA-REAKTION) 

Die Umkehrung der enzymatischen Decarboxylierung von Oxal¬ 
bernsteinsaure ist von Ochoa (132) bei seinen Arbeiten liber die De- 
hydrierung der Isocitronensaure und das dabei wirksame Ferment- 
system entdeckt worden. Schon Adler, von Euler, Gunther, und 
Plass (141) hatten gefunden, dass bei der Oxydation der Isocitronen¬ 
saure durch Enzyme aus Leber der Wasserstoff von Codehydrase II 
libernommen wird, Mg^"^ oder das noch wirksamcre Mn + + beteiligt 
sind und die Reaktion im Sinne des von Martins aufgestellten Schemas 
zu a-Ketoglutarsaure und CO 2 flihrt. 

(1) Isocitrat + ^ a-Ket()glutarat~~ -j- CO^ -f Pyrii-B* 

Ochoa (132), der diese Umsetzung unter Verwendung einer Em- 
zymldsung aus Schweineherz studierte, erkannte, dass es sich dabei 
um zwei, durch verschiedenc, revorsibel arbeitende Enzyme kata- 
lysierte Reaktioncn handelt. Die erste Stufe, die eigentliche Oxy- 
doreduktion, wird von der Isocitrico-Dehydrase geleistet und 
flihrt unter Ubertragung des Wasserstoffs auf die Codehydrase zu 
Oxalbernsteinsaure, die dann erst an der Oxalbernsteinsaure-Carboxy- 
lase in a-Ketoglutarsaure und CO 2 aufgespalten wird. Nur an dem 
letzten Vorgang ist das Metall beteiligt. 

(2) Isocitrat -f PyriC ^ Oxalauccinat 4- Pyru-H 4- 

Mn+ + 

(S) Oxalsuccinat 4- H a-Ketoglutarat~“ 4- CO 2 

* Pyrn ^ bzw. Pyni-H = oxyd. bzw. red. Codehydrase 11. 
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In Abwesenheit von Mn stellt sich nur das Gleichgewicht (2) ein, 
wie sich optisch bei 340 m/x, wo Hydrocodehydrase II eine starke Ab- 
sorptionsbande hat, verfolgen lasst. In Abb. 10 ist ein Versuch Ochoas 
(132) wiedergegeben. Nach dem Zusammengeben nahezu aquivalen- 
ter Mengen Isocitrat und Codehydrase 11 werden in Gegenwart des 
Ferments nur etwa drei Viertel des Coferments rediiziert. Wird jetzt 
Oxalsuccinat ziigefiigt (Pfeil 2), dann verschiebt sich unter Oxydation 
eines Teils der zuvor gehildeten Hydrocodehydrase das Gleichgewicht 



Abb. 10. Hev(‘rsibilitat d(T durch Isocitrico-Dohydraso katalysierten 
Reaktion (Reaktionsgleichunjj; 2) (132): Pfeil 1, gibt die fiir vollstandige* 
Reduktion d(‘r Codehydrase zu orwartende FiXtinktioii an; Pteil 2, 0.495 
AiMole Oxalsuccinat zuges(*tzt; Pfeil 3, 1.8 mMoIc MnCdo zugesetzt. 0.01 
cin^ Herzextrakt, 0.109 yuMole Isocitrat in 3 cnF 0.01 ni-Glycocollpuffer, 
pH 7.2, 23 °C., S(;hichtdicke 1 cm, Wcdlenliinge 340 in^u. Zur Zeit 0, 0.0744 
yw.Mole Codehydrase; JI zugesetzt. 

nach links, und erst wenn die Oxalbernsteinsaure-Carboxylase durch 
Zugabe von Mn++ (Pfeil 3) in Funktion gesetzt wird, fuhrt die Um- 
setzung unter nahezu quantitativer Eliminierung des Oxalsuccinats 
zur praktisch vollstandigen Reduktion des Coferments. 

Tatsachlich ist aber auch die Decarboxylierung des Oxalsuccinats 
eine Gleichgewdchtsreaktion und damit naturlich auch die Gesamt- 
reaktion (1), die Summe der Ileaktionen (2) und (3). Den Beweis 
dafiir erbrachte ein zweiter Versuch Ochoas (132), der in Abb. 11 
wiedergegeben ist. Nach dem Mischen von Isocitrat, Codehydrase II, 
Mn"^"^ und Knzym in einer Pufferlosung, die C02-Bicarbonat 



210 


C. MARTIUS AND F. LYNEN 


enthMt, wird das Coferment schnell reduziert. Zugabe von a-Keto- 
glutarat (Pfeil 2) verschiebt das Gleichgewicht nach links, umso welter 
je mehr a-Ketoglutarat zugesetzt wurde, und fuhrt damit unter 
teilweiser Oxydation der Hydrocodehydrase zur Bildung von Iso- 
citronensaure. Wird aber nun vermittels eines lebhaften Stickstoff- 
stroms ein Teil des gelbsten Kohlendioxyds aus dem Reaktionsgemisch 



Abb. 11. Reversibilitiit der Gesamtreaktion (Ucaktionsgleichung 1) 
(132): Pfeil 1 gibt die fiir vollstandige Ileduktiori der Codehydrase zu er- 
wartende Extinktion an; Pfeil 2, a-Ketoglutarat zugesetzt (a, 3.42 ixMole; 
b, 6.84 //Mole; e, 41.2 yuMole); Pfeil 3, um CO 2 auszutreiben 1 Minute 
lang einen feinen Na-Strom dureh die Losung geblasen. 0.3 cm^ 0.1 m- 
Glycocollpuffer, pn 7.2, 0.3 cm’ 0.1 m-NallCOg (mit 100% CO 2 gesat- 
tigt), 0.01 cm’ Herzextrakt, 1.8 mMoIc MnC'la und 0.109 juMole Isocitrat 
auf 3 cm’, 22-24°C., Schichtdicke 1 cm; Wellenlange 340 mju. Zur Zeit 
0, 0.0744 iuMole Codehydrase II sugesetzt. 

entfernt (Pfeil 3), dann stellt sich sofort, unter abermaliger Reduk- 
tion von Codehydrase II ein neues Gleichgewicht ein. 

Enzymlosungen aus Petersilienwurzeln verhalten sich vollkommen 
gleichartig, wie analoge, von Ceithaml und Vennesland (140) ausge- 
fuhrte, spektrophotometrische Messungen crgaben. Daruber hinaus 
wiesen Vennesland und Mitarbeiter (140,142) die Reversibilitiit der 
Gesamtreaktion (1) auch noch durch Isotopen-Versuche nach. In 
Gegenwart von Mn + +, Codehydrase II und NaHC^K)^ ergab sich 
bei Bebriitung eines Gemisches von Isocitrat und a-Ketoglutarat mit 
Extrakten aus Tauben-Acetonleber oder Petersilienwurzeln Aufnahme 
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v^on C’Mn die /3-Carboxylgruppe der Isocitronensaure. Obwohl kein 
Anhaltspunkt fiir einen Umsatz der Komponenten des Systems in 
zwei Stiinden gegeben war, betrug der Isotopenaiistausch doch 70% 
des vollen Gleichgewichtes. 

Hooc—CH2-cir—cn(oii)—coon -2 h^ 

(^^i^oon ' +2 H 

HOOC— cib— Clio—CO— coon + cj^i\ 

Alit Hilfe dor opiischor Mossungen liessen si(*h die Gleiohgowichts- 
konstanten dor Reakiiorion (1) und (2) experiment(dl ermitteln und 
daraus jene dor Reaktion (3) berecdinon. Ochoa (132) land bei p„ 7.2 
und 23° folgende VVerto: 

=__= 1 3 X 10-^ 

(a-Ketoglu t arai)(H2CO3)(Pyr-ll) 

/. == (I socitr at,)(Fyr+)_ ^ a o 

(OxalsuccinatXPyr-lI) 

z. (Oxalsuccinat) ^ 1 v 10-4 

^ (a-Ketoglutarat)(C02) 

Das Gloichgowicht der Docarboxylierungs- und Carboxylierungs- 
roaktion (3) liogt somit zwar ganz auf der rechton Scite, d.h. in der 
Richtung der Decarboxyliorung. Es kann aber in die entgegenge- 
setzte Richtung verschoben worden, wenn Oxalsuccinat an der De- 
hydraso reduziert und damit aus dom ('arboxylase-Gleichgewicht 
ontfernt wird. Stellt somit in vivo odor in vitro irgend eine enzy- 
matische Reaktion, wie z.B. die Dehydriorung von Glucose-6-phos- 
phat an der spezifischen Dehydrase, reduzierte Codehydrase II zur 
Verfiigung, dann kommt es iiber eine Fixierung von CX32 an a-Keto- 
glutai’saure zur Bildung von Isocitronensaure, die anschliessend, falls 
auch noch Aconitase zugegen ist, zu 89% in Citrononsaure iibergeht. 

Im Zusammenhang mit dicser Synthose der Citronensauro ist eine 
Betrachtung der (uiergetischen Seite aufschlussreich, wie sie von 
Ochoa (58) fiir den h all dor von ihm auch experimentell untcrsuchten 
Oxydoreduktion zwischen Glucose-6-phosphat, a-Ketoglutarat und 
CO 2 angestellt wurde. An dieser Reaktion: 

Gluoose>6-phosphat + a-lvctoglutarat + CO2 ^ ^ 

Citrat + G-Phosphogluconat + 2H + 

deren Gleichgewicht ganz nach der Seite dor C02-Fixierung verscho- 
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ben ist, sind vier verschieclene Fermente beteiligt, die in Tabelle 9, 
zusammen mit den bei jedem Reaktionsschritt gebundenen oder 
freiwerdenden Energiebetragen, aufgefiihrt sind. 

TABELLE 9 


CO2-F1XIERUNG DURCH «-Ketoglutarsaure ( 58 ) 


Schritt 

Roaktion 

Enzym 

Freie 
‘ EncrKio 

AF in cal 

Carboxylierung 

a-Knjlogliitarai + CO-^ 
O^lsuccinat 

Oxalbernsteinsaure- 

Carboxylase 

+ 4460 

Reduktion 

Oxalsucciriat + (Pyr-II -f H 
Isocitrat -f Pvr + 

Isocitrico-Dehy- 

(Irase 

+ 708 

Reduktion der 
Codehydrasc 

11 

Gluc()se-6-ph. -f Pvr+ , " (>- 
Ph.-Clucoimt -f Pvr-H -j- 
2H ^ 

(.1 lucosephosphat- 
Dehydrase 

-6890 

Tsomerisierung 

Isocitrat ^ Citrat 

Aconitase 

-1500 

Bilanz aller vier 
Srhritte 

a-Ketoglutarat + (JO 2 + Olu- 
cose-6-ph. Citrat + 6- 

Ph.-gluconat + 2ID 


-3200 


Man erkennt, dasvS die Fixierimg von CO 2 in diesem System nur 
mdglich ist, weil die Knergie fiir die endergone Carboxylierung der a- 
Ketoglutarsaure durch di(* stark exergone Dehydrierimg des Gliicose- 
6-phosphats aiifgebraeht wird. 

Auf die Bedeutung der Oehoa-Reaktion bei der Chemo- und Photo- 
synthese (58) soil im Rahmen dieser Zusammenfassung nicht einge- 
gangen werden. Aber eine andere Tatsaehe muss unbedingt noch 
Plrwahnung finden. Bisher ist vorausgesetzt worden, dass Isocitrico- 
Dehydrase und Oxalbernsteinsaure-Carboxylase zwei versehiedene 
Fermente sind. Tatsaehli(;h sind aber Anzeichen dafiir vorhanden, 
dass es sich hierbei um einen einheitlichen Eiweisskorper handelt, der 
beide Funktionen leistet. So war es Grafflin und Ochoa (139) bei 
der Isolierung der Fermente aus Schweineherz nicht moglich, die 
bciden Wirksamkeiten voneinander zu trennen. Die beiden Autoren 
fanden sogar, dass das Verhaltnis der Dehydrase-Aktivitat zur Car- 
boxylase-Aktivitat wahrend der Reinigung konstant bleibt. Wenn 
auch in diesen Beobachtungen noch kein cndgultiger Beweis fiir die 
Identitat der beiden Enzyme gesehen werden darf—dazu ist die bisher 
erzielte Anreicherung der Fermentaktivitaten noch zu gering—so 
muss man doch ernstlich damit rechnen. Zumal ja auch die spezifische 
Hemmbarkeit der Carboxylase durch Isocitronensaure dafiir spricht, 
dass das entsprechende Protein eine grosse Af&nitat zur Oxysaure 
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besitzt, und man dassclbe auch fur die Dehydrase gefunden hatte 
(132, 141). Sollte sich diese Vermutiing bestMigen, dann ware der in 
der Enzymchemie ganz neue Fall gegeben, dass ein einziges Protein 
gleieh mit zwei verschiedenen prosthetischen Gruppen reagiert, hier 
Codehydrase II und Mn ++, und dadundi zwei ganz verschiedene 
enzymatische Fahigkeiten erwirbt, die es auch unabhangig vonein- 
ander, einzeln betatigen kann. 

VI. Effektoren der Fermente des Citronensaurecyklus 

Da das komplette Ferinentsystem des Citrononsaurecyklus sich 
aus einor grnssen Zahl von Einzelenzymen zusaminensotzt, ist os klar, 
dass die Zahl der hemmend odor fordernd vvirkenden Stoffe eine sehr 
grosse s(Mn muss. Die folgenden Ausfiihriingen beschranken sich 
dahei' auf die ersten Phasen des Cyklus. 

Das Enzymsystem der Citronensauresynthese. Es ist sieher, 
dass wir nicht von einein soi dern vAn mehreren, inindestens zwei, 
vei-schiedenen soldier Systeme sprechen miissen, je naehdem der 
Partner der Oxalessigsaure aus Brenztraubensaure odor aus Essig- 
saure lizw. Acetessigsauro oder hoheren /i^-Ketosauren besteht, da die 
Fahigkeit zur Bildung von Citronensaure aus den vers(4iiedonen Vor- 
laufern je nach Gewebsart verschieden ist (59). Das schliesst natiir- 
lich nicht aus, dass weseniliche Komponenten beiden Systemen 
gemeinsam sind. 

h]ine der wichtigsten Fragen, die sich aufdrangen, wenn man sich 
mit der Beeinflussbarkeit dieser Fermentsysteme durch ausserc Fak- 
toren beschiiftigt, ist die nach der Art ihres physikalischen Zustandes, 
der Abhangigkeit ihrer Wirksamkeit von diesem und dem Einfluss 
der ionalen Zusammensetzung des Milieus. Die systematische Bear- 
beitung dieses Problemes ist erst in letzter Zeit in Angriff genommen 
Worden, doch liegen schon eine Reihe Beobachtungen aus friiherer 
Zeit vor. 

Wenn man alle bisher gemachten Erfahrungen beriicksichtigt, wird 
man geneigt sein, das auf Brenztraubensaure eingestellte Enzym¬ 
system (im Folgenden System B genannt) unbedingt als Desmoenzym 
zu bezeii^hnen, da bisher noch in keinem Falle Enzymlosungen be- 
schrieben worden sind, die imstande waren, Brenztraubensaure in 
Citronensaure zu uberfiihren. Schwicriger liegt das Problem bei dem 
auf Acetacetat/Essigsaure eingestellten Enzymkomplex (System A). 

Panerseits liegen neben alteren auch neuere, zuverlassige Angaben 
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vor, denenzufolge auch die Oxydation der Fettsauren und der Oxy- 
buttersaure nur an iiitakten Teilstrukturen der Zelle vor sich gehen 
kann (144,145). So haben insbcsondere schonend isolierte Mito- 
chondrien aus Leberzellen in letztcr Zeit vielfach Vcrwendung gofun¬ 
den zum Studiiim diescr Stoffwechselvorgange. Aiif der anderen 
Seite werden altere Beobachtiingen, dass das Acetessigsaure in Citro- 
nensaure (iberfuhrende Fermentsystem aueh in wirksamc Losung zu 
bringen ist, durch neuere Versuche von Stern und Ochoa (128) schein- 
bar bestatigt. Dmti diese konnten zeigen, dass es moglich ist mit 
Hilfe von Ammonsulfatfraktionen aus Extrakten getrockneter Tau- 
benleber, in denen doch wohl kaum noch von intakten Strukturen die 
Rede sein kann, aus Essigs^jure oder Acetessigsaure + Oxalessigsaure 
Citronensaure zu synthetisieren. Allerdingsistdie Anwesenheit eines 
Phosphatdonators (A.T.P.) dabei notig. Es ist daher wohl moglich, 
dass die Beobachtungen, die auf eine obligate Striikturgebundenheit 
auch dieses Enzymsystemes schliessen lassen, sich nur auf den sonst als 
Phosphatdonator wirkenden und ohne Zusatz von A.T.P. unentbehr- 
lichen Komplex der Atmungsenzyme beziehen. Uie von Lehninger 
(146) gefundone bosonders grosso Empfindlichkeit der die Estcrifi- 
zierung von anorganischein Phosphat wahrcnd dor Atmung hesorgen- 
den Enzyme wiirde zu Cunsten einer solchen Auffassung sprechen. 

Lasst man unter diesem Gesichtspunkt die Befunde von Stern und 
Ochoa ein Mai unberucksichtigt, so wire! man sagen diirfen, dass bei 
beiden Systemen alle Faktoren, die die Struktur der Zelle oder be- 
stimmter wirksamer Zellbozirke in groberer Weise beeinflussen, die 
Bildung von Citronensaure hemmen oder aufheben. 

Schon Kallmann (53) hatte gefunden, dass Trocknen, Behandlung 
mit Aceton oder Alkohol/Ather und der Zusatz oberflachenaktiver 
Stoffe wie Toluol die Citronensaure bildenden Fermente des Herz- 
muskels und der Niere inaktiviert. In gleicher Weise wirkt Einfrieren 
bei tiefer Temperatur (147). Interessanter als diese groben Einwir- 
kungen ist der Einfluss der ionalen Zusammensetzung und der lonen- 
starke des Milieus. 

Am eingehendsten ist der loneneinfluss bisher wohl von Kennedy u. 
Lehninger an Lebermitochondrienstudiert worden (144-5). Allerdings 
wurde hierbei nur die enzymatische Oxydation der Fettsauren bis 
zur Stufe des Acetacetats verfolgt. Fast die gleichen Feststellungen 
konnten jedoch auch an Herzmuskelbrei und der Citratbildung aus 
Pyruvat und Oxalacetat gemacht werden (147). In beiden Fallen 
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bewirken Wasser und hypotonische Losungen zunehmende Aktivi- 
tatsminderung. Bevor der Schwund der Aktivitat aber schliesslich 
irreversibel wird, gelingt es durch Aufnehmen in isotonischer KCl- 
Losung eine Reaktivierung herbeizufiihren. (Im Gegensatz zu den 
Befunden von Kennedy und Lehninger zeigten bei Herzmuskel 
allerdings Ba"*"^ und Sr'^'^ zusatzlichc Aktivierung bzw. bessere Kon- 
servierung, 147.) Dass es sich bei diesen Erscheinungen in erster 
Linie um osmotische und nicht um spezifische loneneinfliisse handelt, 
beweist die Tatsache, dass hypertonische Zuckerlosungen (0.88m- 
Rohrzucker) den gleichen oder liberlegenon Effekt zeigen (145,146, 
148). 

Eine Sonderstellung in der Reihe dor einfachen lonen nimmt das Ca 
ein. Schon in niederen Konzentra+ionen hemmt es die Citronensaure- 
Synthese stark. Es liegt naho, die bekannte hemmcnde Wirkung von 
Ca++ auf die Zellatmung hierauf zu beziehen, wenngleich auch u.a. 
an die schon langer bekannte Hemmung der Dehydrierung von Iso- 
citrat und Malat durch Ca'^+ (149) geJacht werden muss. Der 
Mechanismus dieses Eflfektes ist noch nicht untersucht worden, doch 
liegt es nahe, an Aktivierungen Phosphat-abspaltendor Enzyme durch 
das Ca'^'^ zu denken. 

An die bekannte, auch im System der Citronensaure synthetisieren- 
den Enzyme unentbehrliche Rolle des Magnesiums, braucht hier nur 
erinnert zu werden. 

Weniger ist iiber die Wirkung von Anionen bekannt geworden. 
Mehrfach beobachtet wurde die fordernde Wirkung von HCOa" 
auf die Citronensauresynthese. Eine Erklarung fiir diese Erscheinung 
wurde bisher noch nicht gegeben. Vielleicht wird sie in Richtung 
einer Beeinflussung der Ochoa-Reaktion zu suchen sein, durch Ein- 
flussnahme auf die Riickreaktion a-Ketoglutarsaure + CO 2 ^ Oxal- 
bernsteinsaure. 

Die gleichen Erwagungen, wie sie anlasslich der Frage nach der 
Strukturgebundenheit der synthetisierenden Fermente angestellt 
wurden, drangen sich auch bei der Betrachtung der Wirkung be- 
kannter Enzymgifte auf. Schon Hallmann (53) hatte gefunden, dass 
die Citronensaurebildung in Herzmuskel und Niere durch Arsenit 
(0.002 m und darunter) vollstandig gehemmt wird. Selenit wirkt 
gleich stark, hemmt aber dazu noch die Isocitricodehydrase. Weiter- 
hin wurden starke Hemmungseffekte fiir Jodacetat und Azid ange- 
geben (68,70). Fluorid dagegen ist fast wirkungslos (53). 
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Man wird im Falle des AS 2 O 3 geneigt sein, eine direkte Einwirkung 
auf die Pyruvodehydrase als Ursache der Hemmung anzunehmen. 
Bei den anderen Giften und dem Enzymsystem A liegt es aber viel- 
leicht naher, ihre Wirkung im Sinne einer ‘^Entkopplung^' des eigent- 
lichen kondensierenden Fermentes und derjenigen Processe, die die 
zur ^^Aktivierung’^ der 2 C-Fragmente notige Energie bereitzustellen 
haben, zu sehen. Die Befunde von Lehninger (146) iiber die Aufhe- 
bung der Esterifizierung von anorganischem Phosphat durch eine 
ganze Reihe von B^zymgiftcn, die zum grossten Teil auch die Citro- 
nensauresynthese im negativ^n Sinne beeinflussen, stellen eine er- 
wiinschte Stiitze dieser Auffassung dar. 

Isocitricodehydrase. Die ersten Angaben liber eine Hemmung 
der (IsO“)Citricodehydrase stammen von Collett u. Mit., die in Selenit 
und Tellurit sehr wirksame Enzymgifte fanden (vollstandige Hem¬ 
mung durch 0.004 m. Losungen) (150). Kompetitive Hemmung durch 
^rans-Aconitsaure hat Bernheim (151) festgcstellt. Zu diesen Hemm- 
stoffen ist in letzter Zeit noch die Fluoressigsaure gekommen, die nach 
einem sehr merkwiirdigen Mechanismus spezifisch die Isocitricode¬ 
hydrase ausschaltct, ohno die anderen Enzyme des Cyklus in ver- 
gleichbarer Weise zu beeinflussen. 

Die von Bartlett, Barron und Kalnitsky (152-154) eingehender 
studierte Wirkung dieses Stoffes wurde von den genannten Autoren 
allerdings auf eine kompetitive Hemmung eines Essigsaure direkt 
oxydierenden Fermentes zuruckgefiihrt, da sich in mit Fluor¬ 
essigsaure vergiftetem Gewebe Essigsaure anhauft, der Abbau von 
Fettsauren auf dieser Stufe Halt macht und die Sauerstoffaufnahme 
stark zuriickgeht. Die von den Autoren gemachte Annahme, dass die 
relative Kleinheit und Reaktionstragheit des F-Atomes in der Fluor¬ 
essigsaure zu einer so grossen Ahnlichkeit dieser Saure mit der Essig¬ 
saure fiihrt, dass sie sie an der Enzymoberflaehe zu verdrangen und 
so vor weiterem Abbau zu schiitzen vermag, muss allerdings dahin 
erweitert werden, dass die Folgen dieser Ahnlichkeit noch viel weiter 
reichen. Wie Li^bercq und Peters (155) sowie Martius (156) un- 
abhangig voneinander feststellten, muss man annehmen, dass die 
Fluoressigsaure zunachst in den Weg des Acetatabbaus hineingezogen 
wird, d.h. in den Cyklus eintritt. Martius konnte zeigen, dass mit 
Fluoracetat vergiftetes Gewebe (Herzmuskel) nicht mehr imstande 
ist, Citronensaure abzubauen und dass die Hemmung an der Isocitrico¬ 
dehydrase angreift. Unterbindet man durch Arsenit die Moglichkeit 
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der Bildung von Citronensaure und damit auch von Fluorcitronen- 
saure, geht der Abbau ungestort vonstatten (Tabelle 10). 

TABELLE 10 


HemMUNO DES CiTRATABBAUS DURCH VeRGIPTUNG MIT FlUORESSIGSAURE (FlAc) 

(156)* 


Zusatz 

Citronenstture 

wiedergefunden 

0.04 m-FlAc 

26.5; 26.6 mg 

0.01 m-FlAc 

29.0 mg 

0.001 m-FlAc 

28.75 mg 

— 

0.8; 1.0: 7.0; 6.5 mg 

0.001 m-As 203 

6.4 mg 

0.04 m-FlAc ) 

0.^01 m-As20a ( 

7.7; 8.8 mg 


* Jeder Ansatz enthiilt 5 gr Herzmuskelbrei (Rind) und 25 mg Citronensaure 
1.1% NaHCOs, V = IG ml. 120 Min. unter Saucrstoff geschiittclt. T = 37®. 


Zu almlichen Schliissen gelangten Li^bercq und Peters (155) durch 
Versuche mit Homogenisaten von Meerschweinchennicre, wenn ihre 
Versuchsergebnisse auch noch keine genauen Angaben iiber den Ort 
des Eingreifens der Fluoressigsiiure bzw. iiber die Natur dcs gebildetcn 
Hemmstoffes zuliessen. Sie konnten weiterhin (157) zeigen, dass in 
mit Fluoressigsaure vergifteten Tieren starke Anhaufung von Citro¬ 
nensaure in den Geweben zu beobachten ist. In Anbetracht der Tat- 
sache, dass auch in Pflanzen (keimende Samen) die Fluoressigsaure 
ihre Giftwirkung entfaltet, ist es von besonderem Interesse, dass eine 
Pflanze {Dichapetalum cymosum) diese gar nicht einfach darzustel- 
lende Substanz enthalt, wie einem Bericht von Peters zu entnehmen 
ist (158). 
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NACHTRAG BEI DER KORREKTUR 

Wenn sornit die “aktivierte” Essigsaure zwar nicht identisch mit Mono-acetyl- 
phosphorsaure ist, so besteht dock nahe Verwandschaft zwischeii beiden und es ist 
moglich, wie Kaplan und Lipmann (159) fanden, durch Ansauern auf pn 1.5 und 
darunter das auf enzymatischem Wege syntiietisierte Produkt schon bei Zimmer- 
temperatur nahezu momentan in gewdhnliches Acctylphosphat umzuwandeln. 

Was nun die enzymatische Synthese der “aktivierten” Essigsaure aus Acetat 
und Adenosintriphosphat betrifft, so vrerdanken wir Nachmansohn und Mitar- 
beitern (160,161) und vor allem Lipmann und Mitarbeitern (162,163) die Ent- 
deckung, dass hierbei ein neues bishor unbekanntes Coferment beteiligt ist, von 
Lipmann Coferment A genannt, das sich als Derivat der Pantothensaure erwiesen 
hat (164). Es wurde entdeckt beim Studium der enzymatischen Acetylierung 
von Sulfanilainid oder Cholin, einer drittcn Variante des biologischen Essig- 
saureumsatzes, welche in der Leber bzw. im Nervengowebe angetroffen wird und 
welche der Synthese von Citronen- und Acetessigsaure an die Seite zu stellen ist; 
denn auch hior lauft die Synthese uber die ‘‘aktiviorte’’ Essigsaure (59,93). 

Das eingehende Studium der Acetyliorungsreaktion war deswegen von vorn- 
herein besonders begiinstigt, weil es gelang die Enzyme von der Zellstruktur 
abzutrennen und in Losung zu bringen (76,165). Damit war die Voraussetzung 
gegeben, die spezifischen Proteine anzureichern und sie vor allem von den niedrig- 
molekularen KomponenUm zu befreien, die sie im komplexcn System der Zelle 
und auch noch in den isolierten Struktureleinenten wie etwa den Mitochondrien 
begleiten. Wird die Losung der spezifischen Proteine aus Taubenleber, durch 
Fraktionierung des rohen Gewebsextraktes mit Ammonsulfat gewonnen, nach- 
tr^glich wicder mit Adenosintriphosphat, Magnesiumionen und Coferment A 
erganzt, dann kommt nach Zugabe von Acetat und Sulfanilamid die Synthese des 
acetylierten Amins zustande. 

Neuerdings gelang es Soodak und Lipmann (166) mit Hilfe derselben Enzym- 
losung aus Taubenleber auch die Synthese der Acetessigsaure aus zwei Molekeln 
Essigsaure zu verwirklichen und schliesslich Stern und Ochoa (128) auch die der 
Citronensaure aus Essigsaure und Oxalessigsaure. Wie aus Tab. 11 hervorgeht, 
welche die experimentellen Befunde von Soodak und Lipmann sowie von Stern 
und Ochoa wiedergibt, kommen diese Synthesen nur in Gegenwart von Coenzym 
A zustande. Damit findet eine Beobachtung von Novelli und Lipmann (167) 
ihre Bestatigung, wonach pantothensS-ure-arme Hefe die Fahigkeit zur Oxydation 
von Essigs&ure weitg-ehend verloren hat, aber sie beim Bebriiten mit Pantothen- 
sfture und Glucose iiber eine Neubildung von Coferment A wieder zurtlckerh&lt. 
Auch Novelli und Lipmann vermuteten schon, dass dieses Coferment bei der 
Kondensation von Essigs&ure und Oxalessigs&ure beteiligt sei. 
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TABELLE 11 

Synthese von AcetessigsAure mittels Enzymlosung aus Taubenleber 


Zus&tze: 0.02 m-Acetat 0.02 m-Acetat 0.02 m-Acetat — 

0.01 m-ATP 0.01 m-ATP — 0.01 m-ATP 

120 Einh. — 120 Einh. 120 Einh. 

' Coferment A Coferment A Coferment A 


Mole Acetessigsaure 

gebildet: 32 0.1 0.2 0.3 


1 ml gereinigte Enzymlosung (entsprechend 180 mg Acetonleber) in 3 ml Ldsung, die 0.01 
m-Cystein, 0.1 m-NaHCOa cnthalt; 2 Stnd. bei 38° bebrUtet. 

Synthese von CiTRONsmrsAuRE aus EssigsAure und Oxalessigsaure mittels 
Enzymlosung aus Taubenleber (128) 

Mole Citronen.sliure gebildet: 


ohne 

Vollstandiges Coferment ohne ohni 

System A ATP Mg + 


ohne 

Oxalace- ohne 

tat Acetat 


0.86;1.26 


0.06 


0.09 


0.57 


0 05 


1 ml des vollstandigcn Systenie.y enthait: Enzym (12-15 mg Protein) in 0.02 rn-NaHCOa; 
0.4 ml 0.025 m-Kaliumphosphat pj. 7.0; 2.25 5 Einheiten Coferment A; 17 ^Mole Oxalacetat; 
20 mMoIg Acetat; 3 mMoIc ATP; 4 ^Mole MgCU; lO^Mole l-Cystcin. 60 Minuten bei 25° 
unter 5% C02-95% Ni bcbrdtet. 


Im tibrigen ma(;ht(ui Ochoa uiid Stern die Beobachtung, dass durch Oxalacotat 
sowohl die Synthes(‘ von Ac(*tc\s.sigsaure wie auch die Acetyliorung von Sulfanil- 
amid zuriickgodrangt wird. lOin Bowens, dass d(m drei Roaktionen oiri Zwischen- 
produkt, ebon jeno ‘‘aktiviertc” Essigsauro gemeinsain ist. 


Acetat (Coferment A) 
4- ATP ^ 


“aktiviorte 
Essigsauro 
(+ ADP) 


4 Oxalessigsaure . 
- > Citrononsauro 


4 Essigsaure 

- > Ac(4essigsaure 

4- Sulfanilamid 

- > Acetylsulfanilamid 


Es wird die Aufgabo kiinftiger Untersuchungon sein, die Wirkungsweise des 
Cofermentes A und im Zusammonhang damit die Struktur dieses Phosphorsaure- 
derivates aufzuklaren. 
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Einleitung 

Unscre Kenntnisse fiber den Gesamtumsatz der Schwefelkbrper in 
der Pflanze sind recht Itickenhaft. Erst in den letzten Jahren ist 
etwas mehr Licht in dieses Dunkel gefallen. Es zeigte sich, dass die 
zu anaerober Lebcnsweise neigenden Organismen (z.B. Hefe) oder 
Organe reicher an Neutralschwefel (RSH, R—S—Alkyl, RSSR) sind, 
als die streng aeroben (Laubblatter), in denen in der Fraktion des 
Nichteiweiss-schwefels die Schwefelsaure iiberwiegt. Bei der 
bilanzmassigen Erfassung der Verhaltnisse zeigte es sich, dass es ganz 
allgemein im pflanzlichen Stoffwechsel nicht allein eine Reduktion der 
Sulfate, sondern ebenso wie im Tierreich auch eine Riickoxydation 
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des 2-wertigen Schwefels zu Sulfaten gibt. Die Schwefelsaure ist also 
Anfangs- und Endprodukt des Schwefelumsatzes (Mothes). 

Die Reduktion der Schwefelsaure erfolgt nicht nur bei Sauerstofif- 
mangel, sondern auch in ausgesprochener Oxybiose, dann aber sehr 
langsam, gewisserniassen im Tempo des Verbrauchs von Schwefel zur 
Eiweiss-synthese. Diese oxybiontische Sulfatreduktion geht nur 
bei geniigendem Kohlenhydratvorrat vor sich. Sie fiihrt nicht zur 
Vermehrung des Neutralschwefels und vor allem nicht zur Anhaufung 
von Thiolgruppen. Sowohl bei Hefe als auch bei Laubblattern wurde 
beobachtet, dass bei grosserem Vorrat an Neutralschwefel und ftir 
die Proteinsynthese gtinstigen Bedingungen nicht allein diese ablauft, 
sondern gleichzeitig Sulfat gebildet wird. Reifende Bohnensamen 
enthalten nur Spuren von Nd-utralschwefel, in den Schalen iiberwiegt 
die Schwefelsaure, in den Nahrgeweben des Embryos der Eiweiss- 
Schwefel, welcher auf Kosten der Schwefelsaure abnimmt. In den 
meisten Fallen weisen die hoheren Pflanzen oinen wcit grdsseren 
Gehalt an Sulfat auf, als sie zum Leben notig haben, auf der anderen 
Seite leben die Blatter noch und machen einen gesunden Eindruck, 
wenn sie fast frei von Sulfaten sind. 

Wie verhalten sich aber die Pflanzen wenn sie cine nur mangelhafte 
Zufuhr von Sulfaten erhalten? Verschiedene Veroffentlichungen 
stimmen darm tiberein, dass schwere Ausfallserscheinungen die Folge 
sind. So zeigen Sonnenblumenpflanzen bei Ersatz von MgS 04 durch 
MgCb in der Kulturlosung kleinere gelbgrune Blatter, dlinnere 
Stamme, und eine auffallige Stammverlangerung, in den Pflanzen 
wird eine ausgepragte Proteolyse beobachtet und losliche organischc 
Stickstoffverbindungen, sowie Nitrate werden in hoherem Masse, als 
bei den Kontrollen gespeichert (Eaton). Die bei Mais beobachtete 
Chlorose zeigt, dass der Schwefel auch zur Chlorophyllbildung und 
zwar augenscheinlich zur Synthese des Proteintragers notwendig ist. 
Durch Schwefelmangel wird die lebende Zelle unfahig, die organischen 
Trager, welche die biochemischen Wirkungen der Mineralstoffe 
regeln, aufzubauen (Maz6). 

Tomatenpflanzen reagieren nach Nightingale, Schermerhorn, und 
Robbins auf Schwefelmangel mit einer Verltogerung der Stengel, 
einem vermindertem Dickenwachstum und einer Verdickung der 
Zellwande. Bei verminderter Nitratreduktion und verlangsamtem 
Kohlenhydratabbau zeigt sich eine Steigerung des Gehalts an Kohlen- 
hydraten und Nitraten. Einer Verminderung des Gehalts an Thiol- 
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schwefel steht das praktische Fehlen eines aktiven Kambiums gegen- 
iiber. Der Gesamtschwefelgehalt der schwefelfrei emahrten Pflanzen 
ist nicht viel geringer als derjenigc der Kontrollen, doch ist der Haupt- 
teil wasserloslich, wahrend normal ernahrte Pflanzen den Schwefel 
meist komplex gebunden enthalten. In den schwefelfrei emahrten 
Pflanzen finden sich nur Spiiren Cystein, Cystin, und Glutathion. 
Das aufgenommene Sulfat wird von den Tomatenpflanzen im Phloem 
der Wurzeln und Sprosse zu Sulfit und Thiol reduziert. 

Der Schwefelbedarf der Kulturpflanzen entspricht der Grossen- 
ordnung nach dem Phosphorbedarf, bei regelmassiger Stallmistzufuhr 
und Diingung mit sulfathaltigen Mineraldiingern ist eine pflanzen- 
schadigende Verarmung an aufnehmbaren Sulfaten nicht zu be- 
fiirchten (Balks). 

Bei Chilomonas Paramaecium fuhrt das Weglassen von Sulfat in 
der Nahrfltissigkeit zu einer ausserordentlichen Zunahme des Fett- 
gehaltes und einer allniahlii h einsetzenden Atmungsmindemng 
(Mast, Pace, und Mast). 

Ein bezeichnender Befund liber die Bedeutung schwefelhaltiger 
Verbindungen flir das Wachstum von niederen Pflanzen wurde von 
Harvey erhoben. Er fand, dass eine Diatomee, Ditylum brightwelli^ 
flir ein kraftiges Wachstum in kiinstlichom Meerwasser neben 
Manganspuren und anorganischen Salzen Alanin oder Milchsaure 
einerseits und organische Schwefelverbindungen, welche die Gmp- 
pierung —SCH 2 CH(NH 2 )COOH aufweisen, andererseits benotigt. 

Bekannt ist ferner, dass alle Corynebakterien, die Traubenzucker 
vergaren und als echte Diphtheriebakterien anzusehen sind, einen 
Cystinbedarf aufweisen (Gross). 

Dagegen hat sich gezeigt, dass Aspergillus niger beim Wachstum auf 
anorganischem Nahrboden unter Zusatz von leicht assimilierbaren 
Aminosauren (Alanin, Arginin, Asparaginsaure, Glutaminsaure, 
Glykokoll, Oxyprolin, Ornithin, und Prolin) von Cystein gehemmt 
wird (Steinberg). Moglicherweise handelt es sich hier aber nur um 
eine Frage des Redoxpotentials. In diesem Zusammenhang sei 
darauf hingewiesen, dass Pneumokokken auf Zusatz von Thioglykol- 
saure mit guten Wachstum reagieren (Rane und Subbarrow). Nun ist 
zwar Thioglykolsaure eine in der Natur nicht vorkommende Verbin- 
dung, aber als Thiol driickt es dem Medium ein stark negatives 
Redoxpotential auf, das die Pneumokokken zum Wachstum benotigen. 

Ahnliche Beobachtungen sind auch am Bacterium bifidum gemacht 
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worden. Unter den Darmbewohnern nimmt dieses Bacterium einc 
auffallige Sonderstellung ein. Einc Ziichtung auf Flatten gelingt nur 
nach Zusatz von Cystin. Zwar sind frische Oberflachenkiilturen auf 
cystinhaltigen Milchzuckeragarplatten immer empfindlich gegenliber 
dem Sauerstoff der Luft, aber wie viele Anaerobier vertragt der 
Bifidus eine vdlligc Abwesenheit von Sauerstoff nicht. Er bedarf 
lediglich einer Verminderung der Sauerstoffspannung. In reiner 
Wasserstoffatmosphare gedeiht er bemerkenswerterweise nicht (Blau- 
rock). Es wird Aufgabe der zukunftigen Forschung sein, optimale 
Redoxpotentiale fiir das Wachstum der Anaerobier festzustellen. 

Die eigentlichen lebenswichtigen Schwefelverbindungen sind die 
Thiole und Disulfide in Form der Proteine, des Glutathions und 
Cysteins. 

Die Rtickoxydation zu Sulfat erfordert die Bereitstellung von 
loslichen niedrigmolekularen Derivaten des 2-wertigen Schwefels, 
denn Proteinschwefel lasst sich ohne vorherige Mobilisation nicht 
oxydieren. Mothes konnte zeigen, dass die Oxydation der Thiole 
recht allgemein schnell fiber die Disulfidstufe und andere Zwischen- 
verbindungen zum Sulfat fortschreitet. Das ist wohl eine der Haupt- 
ursachen daffir, dass fiberschfissige Schwefelmengen nicht als Neu- 
tralschwefel, sondern als Sulfat liegen bleiben, welches das Anfangs- 
und Endprodukt des pflanzlichen Schwefelstoffwechsels ist. Werdcn 
der Pflanze Verbindungen des 2-wertigen Schwefels (Cystein odor 
Thioglucose) angeboten (Vakuuminfiltration) oder wird durch ein 
Hungerversuch eine Proteolyse und damit eine Bereitstellung von 
Sulfidschwefel erzwungen, so crfolgt eine rapide Umwandlung der 
Sulfide zu Sulfat falls Sauerstoff da ist und die entsprechenden Re- 
doxasen funktionieren. Die gebildete Schwefelsaure wird durch 
Salzbildung mit den Puffersubstanzen unschadlich gemacht. 

Schwefelsaureester sind in den Organen hoherer Pflanzen relativ 
selten, treten jedenfalls gegenfiber der anorganischen Schwefelsaure 
zurfick. Es ist wahrscheinlich, dass die Oxydation der organischen 
Sulfide fiber die Ester verlauft und dass andererseits Schwefelsaure¬ 
ester als Zwischenprodukte bei der Reduktion des 6-wertigen zum 2- 
wertigen Schwefel auftreten. In Gegenwart von Sauerstoff wurde 
zugesetzte Schwefelsaure von Hefe z.B. nicht in Ester uberffihrt. 
Bemerkenswert ist die Beobachtung von Specht, wonach aus Hefekul- 
turen der Thiosulfatester einer Aminohexose sowie Methylsulfonsdure 
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isoliert werden konnen. Die AufRndung des Hexoesters erscheint 
nach Mothes deshalb bedeutugsvoll, weil in Algen Schwefelsaureester 
als Membranstoffe eine normale Erscheinung sind. Fiir die Hefe 
haben die Ester mengenmassig imd also regelmassige Baustoffe wohl 
nur eine geringe Bedeutung. Alkalischcs Medium hemmt bei der 
Hefe die Esterbildung. 

In den Leitungsbahnen hoherer Pflanzen {Phaseolus, Vicia^ Phyto¬ 
lacca^ Atropa) findet man neben geringen Mcngen von Eiweissschwefel 
absolut und relativ ausserordentlich hohe Schwefelsaurewerte 
(Sulfate + Ester). Man konnte also in der Sehwefelsaure und ihren 
Estern die eigentliche Wanderform des Schwefels sehen. 

Was den Eiweisschwefel anbelangt, so zeigt sich, dass Kohlenstoff- 
hunger und Anaerobiose zum Schwund fiihren und zwar in schwach 
saurem Medium schneller als in alkalischem (Hefe). Die Thiole 
werden trotz 02-Mangel dehydriert, z.T. bis zum Sulfat, wenn auch 
mit sehr geringer Geschwindigkeit und niemals quantitativ. Der 
Stoffwechsel der Schwefelverbindungen hat in den letzten Jahren 
dadurch ein besonderes Interesse erweckt, als gezeigt werden konnte, 
dass Thiole und Disulfide zu den wichtigsten P^ffektoren (Bersin) der 
Enzyme gehdren. Hier spiclt gerade der Eiweisschwefel eine grosse 
Rolle. Denn von der Gegenwart oder Abwesenheit von HS-Gruppen 
in den Molekiilen gewisser Proteofermente (Urease, Papain u.a.) 
hangt entscheidend ihre abbauende oder synthetisierende Tatigkeit 
ab. Der leichte Ubergang vom Thiol zum Disulfid und umgekehrt 
ist abhangig vom Redoxpotential und der Anwesenheit von Hilfs- 
katalysatoren (Glutathion) bzw. Redoxasen im Verein mit H- 
Donatoren sowie H-Acceptoren. 

In den letzten Jahren sind noch 3 wichtige Stoffe bzw. Stoffgrup- 
pen aus der Reihe der schwefelhaltigen Pflanzenbestandteile in das 
Rampenlicht der Offentlichkeit getreten. Es sind das die Biotine, 
die Penicilline und das Aneurin bzw. Cocarboxylase. Ihre Beriick- 
sichtigung unter dem Gesichtswinkel der Bedeutung fur die Pflanze 
selbst erheischt eine sorgfaltige Sichtung des Schrifttums, das sich ja 
vorzuglich mit dem Nutzen dieser Verbindungen fur den kranken 
Menschen befasst. 

Der phytochemische Kreislauf des Schwefels lasst sich schematisch 
wie folgt darstellen: 
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rsulfitj 
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TSulfoxylat] 

Suirid 


Thioaldehyd 


: Sulfat ■ 



Thiosulfat 
Tetrathionat 
Thioharnstoff 
Sen f 51 


Thetin 

Thiolither 


Schwefels'aureester 

A 


Sulfon— 

t 

Sulfoxyd 


> Thiol 


— Disulfid 


Alkythiosulfosauren Disulfidsulfoxyd 


I .. - 

■ Sulfensaure 

I.. 

Sulfinsaure 

I .. 

■ Sulfonsaure- 


Der Sulfatschwefel wird von Mikroorganismen und griinen Pflanzen 
aufgenommen und entweder in Schwefelsaureester verwandelt oder zu 
Sulfid reduziert, wobei es vom pK abhangt, ob dabei freier Schwefel- 
wasserstoff auftritt. Ob bei der Reduktion zu Sulfid die Stufen des 
Sulfits und Sulfoxylats durchlaufen werden, ist noch nicht gesichert. 
Der Sulfidschwefel wird im Licht meistens sofort zu Schwefelsaure 
oxydiert (im gut durchltifteten Erdboden ist z.B. Schwefelwasserstoff 
nicht nachweisbar) oder in organische Bindung tibergefuhrt. Nur 
selten kommt es zu einer Anhaufung, wie im Schwarzen Meer. 
Gewisse Mikroorganismen vermogen Thioschwefelsaureester zu bil- 
den, wahrend andere wieder Thiosulfat und Tetrathionat mit Hilfe 
ihrer Fermente und Cofermente vcrarbeitcn. Die Hauptmenge des 
in den Pflanzen gebildeten zweiwertigen Schwefels tritt in organischer 
Bindung als Thiol oder Disulfid, in speziellen Fallen als Thioharnstoff 
oder Isothiocyanat auf. Die meist dem Proteinstoffwechsel ent- 
stammenden Thiole kdnnen weiter zu Thioathern umgesetzt werden, 
deren Oxydation liber Sulfoxyd und Sulfon (vielleicht auch noch liber 
Sulfonsauren und Schwefelsaurester) zu Sulfat zurlickflihrt. Die 
durch Dehydrierung der Thiole gebildeten symmetrischen oder 
unsymmetrischen Disulfide werden durch milde Oxydation in 
Disulfidsulfoxyd verwandelt, energische Oxydation flihrt liber Sulfon¬ 
sauren wiederum zu Sulfat. Hydrolyse der Disulfide gibt Thiole und 
Sulfensauren, welche entweder Schwefelwasserstoff abgeben oder 
weiter liber Sulfonsauren zu Sulfat oxydiert werden. Je nach dem 
Redoxpotential und dem pH, das in der Zelle herrscht, konnen aus 
vorliegenden Schwefelverbindungen bei gleicher Fermentausiiistung 
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die verschiedensten Reaktionsprodukte entstehen. Die nicht einge- 
klammerten Verbindungen des obigen Schemas, welche im Nach- 
stehenden noch eingehend besprochen werden, sind bisher alle als 
Stoffwechselprodukte von Pflanzen aufgefunden worden. 

Naturlich kommen manche der eben gescliilderten Reaktionen nur 
bei bestimmten Pflanzen vor, etwa die Senfblbildung oder die Peni- 
cillinproduktion. Weiter kann es sein, dass in Zukunft Vorgtoge, 
welche uns heute einheitlich erscheinen, aufgelost werden miissen in 
Teilvorgange mit verschiedenen beteiligten Fermenten. Die nur in 
Geringstmengen gebildeten schwefelhaltigen Wirkstoffe, etwa die 
Thioather Biotin und Aneurin, ermdglichen anderen Lebewesen, 
Symbionten und Parasiten der Erzeuger, die Existenz. Kampf- 
stoffe wie das Penicillin gestatten es den erzeugenden Organismen ihre 
Umgebung von Nahrstuffkonkurrenten frei zu halten. Ohne die 
von den Pflanzen erzeugten schwefelhaltigen Aminosauren Cystein 
und Methionin ist ein Leben der Tierwelt undenkbar. Die Wirkung 
der von den Mikroorganismcn erzeugten Schwefelsaure kann in 
geologischen Zeitraumen zu recht bedcutsamen Vorgangen ftihren; 
die bekannten Ausbltihungen an senkrechten Felswtoden bestehen 
iiberwiegend aus Sulfaten der aus dem Boden herausgelosten 
Kationen. So kann die Oxydation des Schwefels der Humusstoffe 
und des Pyrits im Boden zu einem wichtigen Faktor in der Gesteins- 
verwitterung werden. 

I. ELEMENTARER SCHWEFEL, SULFATE, POLYTHIONSAUREN 

Der elementare Schwefel findet sich als soldier nicht im lebenden 
pflanzlichen Gewebe. Lediglich manche Baktieren und Pilze ver- 
mogen Polysulfidschwefel zu speichern (s.u.). Aber an Lagerstatten 
und bei der Verwendung von Schwefel zur SchMlingsbekampfung 
kommen verschiedene Pflanzen damit in Kontakt. Es kommt dann 
infolge der oxydoreduktiven Umsetzung des Schwefels mit Thiol- 
verbindungen der Pflanze, etwa Glutathion, nach: 

2 GSH 4- S-> GSSG + US 

zur Schwefelwasserstoffbildung (Hefe) bzw. der Schwefel wird zu 
Sulfit, Thiosulfat, Tetrathionat und Sulfat oxydiert und die hoheren 
Pflanzen haben sich mit diesen mikrobiell enstandenen Oxydations- 
produkten des Schwefels enzymatisch auseinanderzusetzen. 



230 


THEODOR BERSIN 


Auf die Moglichkeit der Zwischenbildung unbestandiger Additionsverbindungen 
von Thiolen mit Sauerstoff und Schwefel haben E. C. Kendall und F. F. Nord, 
J. Biol, Chem.y 69, 295 (1926), und F. F. Nord, ./. Phys. Chem.y 31, 867 (1927), 
hingewiesen. 

In dem Masse, wie aus Schwefel und HS-Glutathion Schwefel- 
wasserstoff und SS-Glutathion gebildet wird, vermogen Redoxasen 
das GSSG mittels des von Kohlenhydratstoffwechselprodukten 
gelieferten Wasserstoffs wieder zu reduzieren; es ist bekannt, dass 
die phytochemische Schwefelhydrierung thermolabil ist, also einen 
enzymatischen Prozes^s darstellt. Das Glutathion spielt die Rolle 
eines Hilfskatalysators, wofiir schon die Versuche von Meldrum und 
Tarr sprachen, welche die Reduktion von GSSG durch Hexosemono- 
phosphat in Gegenwart eines Pyridinenzyms aus Hefe beobachtet 
batten. Allerdings wird wohl ein Teil des SS-Glutathions liber 
Sulfoxyd, Sulfit und Thiosulfat schliesslich zu Sulfat oxydiert, denn 
bei der durch Hefe bewirkten Schwefelhydrierung tritt gleichzeitig 
Sulfat auf und es entstehen organische Schwefelverbindungen. Es 
ist denkbar, dass die Enzymsysteme, welche bei der Atmung die 
Uebertragung der Elektronen auf den Sauerstoff vermitteln, auch 
gewisse Teilreaktionen desjenigen Vorganges zu katalysieren ver- 
mbgen, durch wclchen der Schwefel hydriert wird. So hydriert die 
stark atmende Backer-(Ober-)Hefe kolloidalen Schwefel viel intens- 
iver, als die schwach atmende Brauerei-(Unter-)Hefe, wie v. Eluler 
und Mitarbeitcr gezeigt haben. Die Hydrierungsenergie wird dem 
Atmungsvorgang entnommen. 

Elementarer Schwefel kann tibrigens nur in direkter Berlihrung 
mit den Bakterien, etwa Thiohacillus thiooxydans, oxydiert werden 
(Vogler und Umbreit). Thiohacillus denitrijicans denitrifiziert unter 
Verwendung von elementarem Schwefel als Sauerstoffakzeptor, der 
dabei zu Schwefelsaure oxydiert wird (Rippel-Baldes). 

Schon lange ist ferner bekannt, dass Mikroorganismen den Schwefel 
der Eiweisstoffe in Schwefelwasserstoff bzw. aliphatische Mercaptane 
zu verwandeln vermogen. Ein tieferer Einblick in diese enzyma¬ 
tischen Vorgange ist bis heute noch nicht recht gelungen, doch haben 
Untersuchungen der letzten Jahre beachtliche Fortschritte gebracht, 
weil das Interesse am Studium der schwefelhaltigen Proteinbausteine 
erheblich zugenommen hat (s.u.). 

Im Zusammenhang mit der bekannten Tatsache, wonach in vitro 
Tetrathionat Thiole rasch zu Disulfiden unter Bildung von Thiosulfat 
oxydiert (Philips, Gilman, Koelle, und Allen): 
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2 RS' -h S 4 O 6 ' --► RSSR 4- 2 S 2 O 3 -- 

ist es beachtlich, class Mikroorganismen der Salmonella-Grnppe rasch 
Tetrathionat zu Thiosulfat reduzieren (Knox, Gell, und Pollock); 
offenbar spielt hier das HS-Glutathion die Rolle eines Wasserstoff- 
oder besscr Elektroneniibertragers. Die eigentlichen Lieferanten der 
Elektronen sind wahrscheinlich Abbauprodukte des Kohlenhydrat- 
stoffwechsels. Darauf wird bei der Besprechung der Rolle des Gluta- 
thions noch einzugehen sein. 

Thiosulfat kann mikrobiologisch verandert werden. So oxydieren 
farblose Schwefelhakterien (s.u.) Thiosulfat zu Sulfat und Tetra¬ 
thionat. 

In diesem Zusammenhang sei auf die Umsetzung von Thiosulfat 
mit Kupfersulfat hingewiesen: 

3 Na-iSsOa 4- 2 CuSCh-► CU 2 S 2 O 3 + Na 2 S 40 c + 2 Na2S04 

wobei unter Reduktion des zwefwertigen zum einwortigen Kupfer und 
Bildung von Tetrathionat Sulfat entsteht. Nach dieser Reaktion 
kann Tetrathionat praparativ hergestellt werden (Preuss), das zur 
Anreicherung von Typhusbakterien in Stuhlproben verwandt wird, 
da es das Wachstum von Colibakterien fast vbllig unterdruckt. 

Flir hohere Pflanzen erweist sich Thiosulfat schadlich. Nach 
Audus und Quastel zeigen weder Dithionat noch Trithionat cine so 
grosse toxische Wirkung auf das Wurzelwachstum, wie Thiosulfat. 
Verschiedene Pflanzen sind von unterschiedlicher Empfindlichkeit. 
Die folgende Reihe zeigt abnehmende Empfindlichkeit (4 bis 41 
M/1000 Na 2 S 203 zweeks Erzielung einer 50%igen Hemmung): Gar- 
tenerbse, Kresse, Kohl, Raps, Mais, Flachs, Rettich, Senf, Karotte. 

Im Hinblick auf die von Boas mitgeteilte Hemmungswirkung der 
Rhodanide auf gewisse Bakterien (vgl. Rippel-Baldes), sei darauf 
hingewiesen, dass gewisse Bodenmikroorganismen sogar auf Ammo- 
niumrhodanid als alleiniger Nahrungsquelle zu leben vermogen 
(Sandhoff und Skinner). 

Ueber die Reduktion der Sulfate in hoheren Pflanzen war oben 
schon die Rede. Es sei noch auf die mikrobielle Reduktion zu Sulfid 
eingegangen. 

Die Hauptquelle der Schwefelwasserstoff-Bildung in der Natur ist 
nach Rippel-Baldes die Desulfurikation. Man versteht darunter die 
Dehydrierung organischer Stoffe mittels des Sulfatsauerstoffs durch 
Redoxasen von Mikroorganismen. Die Sulfate werden dabei tiber 
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z.T. noch unbekannte Zwischenstoffe zu Schwefelwasserstoff reduz- 
iert. Quantitativ tritt gegeniiber diesem Vorgang die aus Eiweiss 
erfolgende Bildung von H 2 S (Spaltung von Sulfensaure in Aldehyd 
und Schwefelwasserstoff, s.u.) zuriick. Bei den Desulfurikanten ist 
diese Stoffwechseliorm obligatorisch. Der Sauptvertreter ist Vibrio 
(Sporovibrio) desulfuricans, ein Anaerobier, der Zucker, organische 
Sauren, Fette, Harze, Harzsaiiren u.a. angreift. Auch der holz- 
zerstorende Pilz Schizophyllum commune (s.u.) vermag augenschein- 
lich Sulfat zu Sulfijj^zu reduzieren. 

In der Natur kann der Schwefelwasserstoff nur an anaeroben 
Standorten, vornehmlich in Gewassern, eine grossere Konzentration 
erreichen. Bei Vorhandensein von p]isenverbindungen kommt es 
dabei zur Ausfallung von schwarzem p]isensulfid, wie es fiir den 
Schlamm in stagnierendem Siisswasser und auch in abgeschlossenen 
Meeresteilen (schwarzer Heilschlamm der Limane) charakteristisch 
ist.* Im Schwarzen Meer betriigt der Gehalt an zweifellos enzyma- 
tisch gebildetem H 2 S in eincr Tiefe von 2528 Metern 6.55 ml. im 
Liter. In solcher Umgebung ist hoheres Leben nicht moglich, worauf 
etwa schon das P'ehlen des Aals im Donaugebiet hinweist. 

II. SC HWEFELWASSERSTOFF 

An verschiedenen Orten der Erdc findet man wie gesagt Quellen 
und Gewasser, die aus anorganischen Sulfaten gebildeten Schwefel¬ 
wasserstoff enthalten. Hier konnen fast keine hoheren oder niederen 
Pflanzen gedeihen, da H 2 S als Paralysator und Destruktor lebenswich- 
tiger Redoxasen meist schon in geringer Konzentration ein starkes 
Gift darstellt (tiber die H 2 S-bildenden Pilze und Baktcrien s.u.). 

Und doch findet man in den nach faulen Eiern riechenden Gewas¬ 
sern eine eigenartige Vegetation. Eine farblose Bakterienart 
Beggiatoa (Janke) nutzt beispielsweise die Oxydation des Schwefel- 
wasserstoffs zu Schwefel oder besser Wasserstoffpersulfid H 2 S^ (von 
Deines) zwecks Gewinnung von Betriebsenergie ebenso aus, wie es die 
nitrifizierenden Bakterien tun, dencn die Dehydrierung organischer 
Substrate zur Reduktion des molekularen Stickstoffes dient. 

Am bekanntesten sind die Schwefelbakterien des Schwarzen 
Meeres, die in einer Tiefe von etwa 200 Meter(vgl. Karaoglanov) eine 

* Nach C. Neuberg und I. Mandl, Arch, Biochem., 19, 149 (1948), werden 
Sulfide von Bioelementen durch Aminosauren und Peptide komplex in Losung 
gehalten; moglicherweise spielen diese Komplexe bei der Heilwirking eine Rolle. 
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Zone bilden, die die untere mit H 2 S gesattigte Schicht von der oberen 
H 2 S-freien trennt. Hier handelt es sich um anaerobe Spirillen. 
Alle diese farblosen Schwefelbakterien vertragen nur eine massige 
H 2 S-Konzentration. Ihre Enzymsysteme sind kaum erforscht. 

Eine Sonderstellung nehmen die farbstoffhaltigen Schwefelbakterien 
ein, die sich als phototroph erwiesen. Sie nutzen also ebenso wie die 
grtinen Pflanzen die Energie des Sonnenlichtes zn synthetischen 
Reaktionen aus. 

Sehr interessant liegen die Verbaltnisse bei den Schwefelpurpur- 
bakterieriy die von van Niel eingehend untersucht worden sind. Es 
gelang ihm, vollig reine Kulturen dieser Einzeller auf rein mineral- 
ischen Nahrboden zu zlichten. In gleicher Weise konnten auch die 
bacteriochlorophyllhaltigen griXnen 'Schwefelbakterien kultiviert wer- 
den. 

Schon Engelmann hatte 1S83 darauf hingewiesen, dass die Schwefel- 
purpurbakterien Kohlensaure iinter Abspaltung von Sauerstoff photo- 
synthetisch zu assimilieren vermbgen. Van Niel konnte dann zeigen, 
dass diese Photosynthese cine Oxydoreduktion darstellt, wie schon 
Kluyver und Donker vermutet batten. 

Wahrend aber die griXnen Schwefelbakterien den als H-Donator 
verwandten Schwefelwasserstaff nur bis zum elementaren Schwefel 
(bzw. Polyschwefelwasserstoff) oxydieren, vermogen die Schwefel- 
purpurbakterien die Oxydation bis zum Sulfat durchzuflihren. In 
Ubereinstimmung hiermit kommt bei den ersteren auf zwei Molekiile 
oxydierten Schwcfelwasserstoff ein Molekiil reduzierter Kohlen¬ 
saure, wahrend bei den Schwefelpurpurbakterien jedem Molekiil 
oxydierten Schwefelwasserstoffs zwei Molekiile reduzierter Kohlen¬ 
saure entsprechen. 

Schematisch kann der Prozess bei den beiden Arten von Schwefel¬ 
bakterien wie folgt formuliert werden: 


Schwefelpurpurbakterien: H 2 S + 2 CO 2 + 2 H 2 O 


H 

H2SO4 + 2^C^ 

\h 


2 


V 


Grtine Schwefelbakterien: 2 H 2 S + CO 5 


+ 2 S + H 2 O 
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Die Entwicklung dieser Bakterien ist gebunden an eine bestimmte 
Wasserstoffionenkonzentration und an ein bestimmtes Redoxpoten- 
tial. Die Enzyme, welche die obigen Umsetzungen bewirken, sind 
nur sehr mangelhaft erforscht (vgl. Kapitel 8). 

III. SCHWEFELSXUREESTER, SULFOSXUREN, SULFIT, THIOATHER, 
SULFOXYDE, THIOALDEIIYDE 

A. Schwefelsdureesier 

Als Mcmbranstoffe von Algen sind Sehwefelsaureester verschie- 
dentlich nachgewiesen worden und in der Hefe sind sie, wenn auch 
nur in kleinen Mengen, sttodig zu finden. Das Mycel von Asper¬ 
gillus sydowi reichert nach Woolley und Peterson einen Cholin- 
sehwefelsaureester (CH 3 ) 3 N“‘.CH 2 CH 20 .S 03 ^ an. Ein Polysaceharid- 
schwefelsaureester hat wegen seiner Fahigkeit ziir Bildung homogener 
Gallerten seit Jahrzehnten Anwendung zur Herstellung von Nahr- 
boden gefunden: der Agar. 

Agar-Agar. Der Agar koinmt in verschiedenen Rotalgen und 
Tangen vor, z.B. Gigartina spinosa^ Gelidium corneuniy Spiridia 
filameniosa (vgl. Cioglia), Phyllophora nervosa (vgl. Korenzwit). Der 
in China, Japan, und der UdSSR gewonnene Stoff liefert bei der 
Hydrolyse mit Sauren neben Schwefelsaure Galactose, stellt also 
einen Polygalactosidschwefelsaureester dar. Wie die cingehenden 
Untersuchungen von Jones und Peat gezeigt haben, besteht die 
Ketteneinheit wahrscheinlich aus 9 D-Galactopyranose~Resten, 
welche wechselseitig durch 1,3-Glycosid-Bindungen verkniipft sind. 
Diese Kette wird am reduzierenden Ende durch einen L-Galacto- 
pyranose-Rest an C 4 abgeschlossen. Die primare Alkoholgruppe 
(Ce) jedes L-Galactose-Restes ist mit Schwefelsaure verestert, so dass 
sich im Ganzen folgendes Formelbild ergibt: 
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Es ist anzunehmen, class D-Galactose-l-sulfat, welches durch eine 
intramolekulare Oxydoreduktion in L-Galactose- 6 -sulfat ubergehen 
kann, eine ahnliche Funktion in der Biosynthese des Agars erfiillt, 
wie das Glucose-l-phosphat bei der enzymatischen Starkesynthese. 
E]ine der Phosphorylase entsprechende Sulforylase bleibt noch zu 
entdecken. Bemerkenswerterweise enthalt der Agar aus der russ- 
ischen Schwarzmeer-Phyllophore doppelt so viel Sulfatreste, als der 
japanische (Opotzki und Bortnik). Zweifellos spielt der Agar als 
Kationenaustauscher (vgl. Bersin) in den Membranen der Algen eine 
bedeutsame Rolle. 

Ueber agarabbauende Bakterien der kalifornischen Kiiste, die 
augenscheinlich ein der Amylase oder Phosphorylase entsprechendes 
Enzym besitzen, berichtet Stanier wiilirend Wieringa eine in Stall- 
dtinger, Kompost, und Humus vorkommende Spezies beschreibt. 

Weitcre Schwefelsaureester linden sich in dem Carrageenschleim. 
Der wasserlosliche Polysaccharidschwefelsaureester aus der Rotalge 
Gigartina stellata ahnelt demjenigen aus Chondrus crispus. Von 
Dewar und Percival wurde aus der ersteren durch Extraktion mit 
heissem Wasser und Fallung mit Alkohol ein Salz isoliert, [ajo = 51®, 
welches nebcn 23.9% SO 4 noch 3.6% Ca, 1 . 0 % Mg, 0 . 2 % Na, unci 
0.1% K enthielt. Aus diesem Salz konnte eine Saure dargestcllt 
werden, [ajo = 43®, die verhaltnismassig stabil gegen Alkali war und 
bei der Hydrolyse mittels Oxalsaure lediglich n-Galactose lieferte. 
Es liegt augenscheinlich ein Polygalactosidoschwefelsaureester fol- 
gendcr Struktur vor: 



Augier konnte aus Polysacchariden der Extrakte, welche die 
Rotalge Agardhiella tenera (Solieriacee) lieferte, durch enzymatischen 
Abbau mittels eines Hefeautolysats Galaktose sowie Galaktose- und 
Mannose-schwefelsaure gewinnen. Man sieht an diesem Beispiel, 
welche grosse Moglichkeiten die Verwendung spezifischer Enzyme 
zur Konstitutionsaufklarung komplizierter Naturstoffe bietet. 
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Die Gegenwart eines spezifischen Ferments in Pneumokokken, 
Streptokokken und Cl. welchiiy welches den Monoschwefelsaureester 
der Hyaluronsaure hydrolytisch zu spalten vermag (K. Meyer und 
Chaffee) Ifet vermuten, dass auch im Pflanzenreich Mucopoly- 
saccharidsauren vorkommen. 

In neuerer Zeit sind synthetische Schwefelsaureester hochmoleku- 
larer Alkohole der allgemeinen Formel R0S020Na, die als Netz-, 
Wasch-, und Schaummittel Anwendung finden, auf ihre bakteriosta- 
tische Wirkung untiM^ucht worden. Es zeigte sich, dass nur gram¬ 
positive Parasiten beeinflusst werden (Cowles). Vermutlich handelt 
es sich um Einwirkungen auf die komplexen Systeme der Zellgrenz- 
flachen. 


B. Sulfonsduren 

Stoffe der Zusammensetzung RSO3H sind im phytochemischen 
Stoffwechsel erst in allerneuester Zeit beobachtct worden, so die 
Methylsulfonsaure CH3SO3H von Specht. Ihre Bildung im inter- 
mediaren Schwcfelstoffwechsel ist jedoch wohl bei alien Pflanzen 
anzunehmen. 

Von Folkers, Koniuszy, und Shavel, Jr., warden 1944 zwci Alkaloidester der 
Sulfoessigsauro HOaS-CIbCOOlI in Eryihrina glauca Willd., E. pallida Britton 
und Rose sowie E. Poeppigiana (Walp.) cntdeckt. Vermutlich handelt es sich 
nicht um Carbonsaure- sondern um Sulfosaureester. Die beidcn Verbindungen 
haben folgende Zusammensetzung: Erysothiovin C2oH2307NS-2Il20, F. 187®, 
[ajo = -}-208° (A., c 0.4) und Erysothiopin Ci9ll2i07NS'2H20, F. 168-169°, 
[alo = +194° (A., c 0.1). Sie verdienen nebim ihrer merkwtirdigcn Zusammen¬ 
setzung noch insofern Interesse, als sic in Mengen von 1 mg./kg. beim Frosch eine 
curareahnliche Paralyse hervorrufen. 

C. Sulfit 

Das Vorkommen von schwefliger Saure als Stoffwechselprodukt in 
pflanzlichen Zellen (Phloem der Wurzeln und Sprosse) ist von Night¬ 
ingale, Schermerhorn, und Robbins beschrieben worden; die Existenz 
eines, wenn auch tierischen, Enzyms, das aus L-Cysteinsulfosaure 
Sulfit abspaltet (Fromageot und Chatanger), ist bemerkenswert. 

Viele Pflanzen kommen mit schwefliger Saure bzw. Schwefeldioxyd, 
einem Bestandteil industrieller Abgase, in Berlihrung und es hat sich 
auf Grund zahlreicher Untersuchungen gezeigt, dass grline Pflanzen 
hohere Konzentrationen von SO 2 nicht vertragen. Die schweflige 
Saure wird sowohl aus der Luft wie auch aus dem Boden von den 
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Pflanzen aufgenommen. Besonders instruktiv waren in dieser Hin- 
sicht amerikanische Arbeiten mit radioaktiven Schwefel (Thomas). 
Es hat sich nachweisen lassen, dass Weizen, Mais, Beete und Toma- 
ten den Schwefel der schwefligen Saure in den gleichen Organen 
deponieren, in denen sie ihn aus Nahrlosungen aufnehmen. 

Der Hauptangriffspunkt der schwefligen Saure in der pflanzlichen 
Zelle diirfte die Disulfidgruppe (s.u.) sein. Sehr wahrscheinlich 
kommt es zu Umsetzungen mit dem SS-Glutathion oder Disulfid- 
proteinen in der von Micheel und Emde beschriebenen Weise, wobei 
Thiolsulfosauren und Thiole gebildet werden: 

R—S—S—R -f H2SO, -> R—S— SO3H 4 RSIT 

Ausgehend von L-Cystin crhalt man dabei bei gewohnlicher Tem- 
peratur Cysteinthiosulfosaure HOOC-CH(NH 2 )-CHg-S-SOgH, F. 
184-185°. Disulfidproteine werden durch Aufspaltung der ‘^SS- 
Roste^' in Polypeptidketten zerlegt. Derartigc schwere Eingriffe 
werden von der pflanzlichen Zelle, in der katalytisch wirksame 
Eiweisskorper mit Disulfidbihdungen sehr zahlreich vorkommen, 
naturgemiiss nur schwer crtragen. Es nimmt daher nicht Wunder, 
dass zahlreiche Arbeiten die schadliche Wirkung hoher Konzcn- 
trationen der schwefligen Saure auf den Pflanzenwuchs beschrieben 
haben. Es kommt zu Assimilationsstorungen, Chlorose und anderen 
Ausfallserscheinungen. 

Die Resistenz der Pflanzen gegen SO 2 sinkt mit steigender Tem- 
peratur und Feuchtigkeit. Pflanzen von schlechtem Boden sind 
empfindlicher als solche von gutem Boden, solche aus starkem 
Schatten empfindlicher, als solche, die ohne Beschattung wuchsen. 
Junge Pflanzen sind widerstandsfahiger, als altere, Blatter im mitt- 
keren Alter sind am empfindlichsten (Setterstrom und Zimmerman). 

Bemerkenswert ist eine bei Luzerne, die von den landwirtschaft- 
lichen Futterpflanzen am meisten durch S02-Begasung geschadigt 
wird, beobachtete Ertragssteigerung durch geringe S02“Konzen- 
trationen. Es scheint sogar, dass in diesem Falle der Schwefelbedarf 
aus dem geringen S02-Gehalt der Luft gedeckt werden kann. Unter 
Einwirkung von geringen S02-Mengen nimmt jedenfalls der Gesamt- 
schwefel der Luzerne merklich zu, was im Sinne der MicheeF schen 
Versuche auch plausibel erscheint. Bei Cruciferen liess sich keine 
Ertragssteigerung feststellen (Setterstrom, Zimmerman, und Crock- 
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er). Auch bei Weizen vermag SO 2 in niedrigen Konzentrationen den 
Kornerertrag leicht zu steigern (Swain und Johnson). Die aiif- 
genommene schweflige Saure wird von der Pflanze zu Sulfat oxydiert, 
das in die Wurzeln und in das umgebende Erdrcich wandert (Thomas 
und Hill). 

Bei der Einwirkung von hohen Konzentrationen von SO 2 auf 
Mikroorganismen und Pilze, wie es bei der Konservierung und 
Sterilisation der Fall ist, kommt es zu schweren Storungen des enzy- 
matischen Stoffweq|j|jSels der Zcllen, so dass diese zugrundegehen. 
Bei der fungiziden Wirkung des elementaren Schwefels ist zweifellos 
das durch Luftoxydation (besonders im Sonnenlicht) entstandene 
SO 2 ein wirksamer Faktor (Reckendorfer). 

In Gegenwart eines laekmusneutralen Gemisches von Sulfit und 
Bisulfit vermag Hefe bekanntlich (Bernhauer) Glucose zu Glyzerin 
und Acetaldehyd neben etwas Alkohol zu vergaren. Der Acet- 
aldehyd, normalerweise die Muttcrsubstanz fiir das Aethanol, wird 
hierbei durch das Natriumsulfit gebunden, das als Abfangmittel 
dient. Die Garungsgleichung lautet: 

CJTitOe-> CHaOH CHOH-CHaOn + CH3CHO + CO2 

Dieses von Neuberg und Farber 1916 ausgcarbeitete Verfahren der 
garungstechnischen Glyceringewinnung beweist, dass manche Orga- 
nismen, wie hier die Hefe, beachtliche Konzentrationen (etwa 10%) 
von Sulfit ohne Schaden vertragen konnen. In disem Zusammenhang 
sei darauf verwiesen, dass manche Pilze, wie Mucor silvaticus und 
verschiedene Fusarium—sowie Penicilliumarten auf Sulfitablauge 
gedeihen, wobei Oelspeicherung in den Hyphen und Chlamydosporen 
auftritt (Niethammer). Auch H 2 S-Bildung kann in Abwassern 
mikrobiologisch aus Sulfitablauge auftreten, allerdings erst nachdem 
das SO 2 der Ablauge verbraucht ist (Winter). Auf die technische 
Gewinnung von Sprit, Futterhefe, Eiweisshefe, Butanol und Aceton, 
Citronensaure u.a. Produkten aus Zellstoffablauge kann hier nicht 
eingegangen werden. 

D. Thiodther 

Alicyclische Thioather, Alkylsulfide, Dimethylpropiothetin, 
Djenkolsaure, Adenyl-n-thiomethylribose. Die Abkommlinge des 
Schwefelwasserstoffs, in denen beide Wasserstoffatome desselben 
durch organische Reste ersetzt sind, also die Thioather, kommen im 
Pflanzenreich verhaltnismassig selten vor. Pilze und Algen auf der 
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einen Seite und hauptsachlich Lauchgewachse auf der anderen Seite 
sind nach unseren bisherigen Kenntnissen die Lieferanten dieser 
Stoffgruppe. Aber in neuerer Zeit ist mit steigendem Interesse am 
phytochemischen Stoffwechsel der Schwefelverbindungen eine Reihe 
recht interessanter Beobachtungen gemacht worden, aus denen 
hervorgeht, dass aliphatische Thioather als Stoffwechselzwischen- 
produkte moglicherweise eine grossere Bedeutung besitzen, als man es 
vermuten konnte. 

Vor allcm ist hier auf das Methionin hinzuweisen, auf das im 
Abschnitt liber die schwefelhaltigen Aminosauren einzugehen sein 
wird. Dieser verhaltnismassig spat entdeckte Proteinbaustein 
besitzt eine erstaunlich reaktionsfahige Methylgruppe, welche ebenso 
wie die Methylgruppe des Cholius auf verschiedene organische 
Verbindungen libertragen werden kann. Demnach fungiert nicht nur 
der Stickstoff, sondcrn aueh der Schwefel in beiden Fallen als Radi- 
kallibertrager im intermeidaren Stotfwechsol. Unter Verlust seiner 
Aminogruppe vermag das Methionin entweder die entsprechende 
Propionsaure zu liefern, oder es findet erne Reduktion zu dem ent- 
sprechenden Alkohol statt. Wahrend der Alkohol als solcher ent- 
deekt werden konnte, hat man die Methylthiopropionsaurc nur in 
Form eines The tins* isolieren konnen. 

Die Spaltung einer Kohlenstoff-Schwefelbindung unter physiologi- 
schen Bedingungen, wie es bei der Methylwanderung voin Methionin 
der Fall sein muss, war bis vor kurzem ratselhaft. Nachdem nun 
jedoch am Cystathionin eine hydrolytische Spaltung (allerdings unter 
dem Einfluss eines tierischen Enzyms) beobachtet worden ist, ist eine 
baldige Aufklarung des Reaktionsmechanismus zu erwarten. 

Es sei noch auf die Fahigkeit der Thioather zur Bildung von 
Sulfoxyden und Sulfonen hingewiesen. Wahrend noch vor wenigen 
Jahren diese Verbindungen in den Handbiichern der organischen 
Chemie ein museales Dasein ftihrten, sind sie nun verschiedentlich als 
Oxydationsprodukte von Thioathern unter den Stoffwechselproduk- 
ten pflanzlicher und tierischer Organismen aufgetaucht. Es ist 
denkbar, dass ihnen bei oxydoreduktiven Umsetzungen der Schwefel¬ 
verbindungen eine nicht unwesentliche Rolle zufallt. 

Die Bildung aliphatischer Thioather in der pflanzlichen Zelle aus 

* Unter Thetinen RiR2S+(—RCOO”) bzw. RiR2S+(—RCOOH)Hal~ versteht 
man den Betainen analog gebaute Verbindungen des Schwefels, die synthetisch 
durch Addition von halogenierten Fettsauren an Thioather erhaltlich sind (vgl. 
E. 1. du Pont de Nemours & Co.). 
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den dort vorliegenden Thiolen ist stets dann zu erwarten, wenn 
organische Verbindungen mit Doppelbindungen oder mit reaktions- 
fahigem Halogen, etwa Monojod- oder Monobromessigsaure, auf 
pflanzliche Zellen oder Gewebe einwirken. Nach: 

(1) RSH + R1R2 • C=C • RaRi-> RiRi:(RS)C—CH RaRa oder 

( 2 ) RSH + XCHa-COOH-► RSCHa-COOH + HX 

entstehen dabei Thioather. Derartige Halogenverbindungen sind 
wirksame Destruktgjen (Bersin) von Thiolenzymen. 

Das erste Beispiel ftir eine Methylierung von anorganischem 
Schwefel entdeckten Birkinshaw, Findlay, und Webb. Sie konnten 
zeigen, dass dor holzzerstorende Pilz Schizophyllum commune auf 
oinem Nahrboden aus Glucose und anorganischem Sulfat Methyl- 
mercaptan CH3SH und Spuren von Schwefelwasserstoff H2S ent- 
wickelt. 

Challenger und Charlton erweiterten diesen Befund dahin, dass 
auch Dimethylsulfid (CH3)2S und Dimethyldisulfid CH3SSCH3 
(augenscheinlich als Oxydationsprodukt von Methylthiol CH3SH) 
gebildet worden. 

Das Dimethylsulfid CH-SCH 3 , Kp. 37.5®, ist als Stoffwechsel- 
produkt verschiedcner Pilze und Algen bekannt. Da es bei der 
alkalischen Zcrsetzung von Dimethylpropiothetin (s.u.) neben 
Acrylsaure entsteht, wird angenommen, dass es auch in vivo aus die- 
sem Thetin gebildet wird, dessen Muttersubstanz wahrscheinlich 
Methionin ist. 

Auffallenderweise vermag der obenerwahnte Pilz S. commune Di¬ 
methyl-, Diathyl-, und Di-n-butyldisulfid zu den entsprechenden 
Thiolen zu reduzieren, wobei in ersterem Falle auch etwas Dimethyl¬ 
sulfid entsteht. Diese Mercaptanbildung aus Disulfiden wird 
zweifellos mittels Glutathion bewerkstelligt, welches aus dem Reser¬ 
voir der Kohlenhydratspaltprodukte die benotigten Wasserstoffatome 
erhalt (vgl. Glutathion). 

Der von dem Pilz neben Methylmercaptan gebildete Schwefel¬ 
wasserstoff entsteht entweder als Produkt einer Reaktion von Schoberl: 

CH,SSCH» + H2O-> CH3SH + CH3SOH 

I 

HCHO -h H2S 

oder aus dem anorganischen Sulfid, das moglicherweise vom Pilz aus 
dem anorganischen Sulfat gebildet wird (Stephenson, Ellis). 
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Die Bildung von Methylmercaptan kann nur durch die Sprengung 
einer Kohlenstoff-Schwefel-Bindung zustande kommen. Hierfiir 
liegt nur ein einziger biologischer Befund vor, namlich die durch ein 
Leber- bzw. Nierenenzym der Ratte bewirkte Spaltung des Cysta- 
thionins: 

HOOC • CII(NH0. CH 2 . S. CH 2 • CH 2 • CH(NH2) • COOH-► 

H00C-CH(NH2)-CH,SH -f HOCIL CHj 011(^12) COOH 

zu Cystein und vermutlich Homoserin oder dessen Phosphorsaure- 
ester (Brown und du Vigneaud; du Vigneaud, Brown und Chandler; 
Binkley, Anslow und du Vigneaud; Binkley). Diese Spaltung ist 
reversibel (Binkley und du Vigneaud) und es spielt daher das Cysta- 
thionin eine wichtige Rolle bei der biologischen Umwandlung von 
Methionin in Cystein bzw. CystJn (Stetten; du Vigneaud und 
Mitarbeiter, 1944). 

Bemerkenswert ist der von Challenger und Charlton erhobene 
Befund, wonach S. hrevicaule aiif Brotkulturen Methioninmcthyljodid 
(vgl. Toennies und Kolb) unter Bildung von Dimethylsulfid, jedoch 
nicht CH3SH, abbaut. Moglicherweise entsteht dabei a-Amino- 
athanolessigsaure als zweites Spaltprodukt nach: 

[nOOC-CH(NH2)CH2-CH,-S(CH3)2lJ + IIOH-► 

(CTIaXS + HJ 4- H00C.CII(NH2)CH2CIl20H 

Die eben genannte Sulfoniumverbindung des Methionins gehort zu 
der bis vor kurzem in der Natur nicht aufgefundeneii Klasse der 
The tine (aus Thio und Betain zusanimengezogen). Derartige 
Sulfoniumcarbonsauren spalten leicht Wasscr oder Halogenwasser- 
stoff ab unter Bildung innerer Salze, wie es bei den Betainen der Fall 
ist. Thetine sind schwache Basen. Nun wurde von M. T. Simpson 
und Challenger (vgl. Challenger und Charlton) aus der roten Alge 
Polysiphonia fasiigiata das >S-Dimethyl-/S-propiothetin-chlorid: 

(CH3)2S(C1)CHsCH2COOH 

isoliert. Daraus entsteht das von Haas bei dieser Alge beobachtete 
Dimethylsulfid CH3SCH3. 

Von Challenger stammen auch folgende Beobachtungen. Zugabe 
von Diathyldisulfid C 2 Hb*SS-C 2 H 6 zu Kulturen von PenicilUum 
hrevicaule Saccardo fiihrt zur Bildung von Aethylmercaptan C 2 HBSH 
und Methylathylsulfid CH3SC2H6. Aus Di-n-propyldisulfid C3H7- 
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SSC3H7 entsteht n-Propylmercaptan n-CaHvSH und Methyl-n- 
propylsulfid CHsS-n-CaH:. Im Anschluss an cine Hydrierung wird 
hier also eine Methylierung, vielleicht mittels Methionin, durch- 
gefiihrt. 

Die Bildung der ungesattigten ThioMher in hoheren Pflanzen ist 
bisher noch nicht geklart. 

Das Diallylsulfid (CH 2 :CH-€ 112 ) 28 , Kp. 140°, ist ein farbloses, 
widerlich riechendes Oel von geringer Wasserloslichkeit. Es kommt 
zusammen mit i|,yylsenfol im atherischen Oel von Cochlearia 
armoraciaj sowie in den Wurzeln mancher Akazienarten vor. Mit 
Silbernitrat liefert es eine krystallisierende V’erbindung (€ 3116)28 •- 
2 N 03 Ag. 

Das Vinylsulfid (CH 2 :CP 1 ) 28 , Kp. 101 °, spez. Gcw. 0.9125, kommt 
als Hauptbestandteil im atherisc^hen Oel von Allium ursinum neben 
einem Polysiilfid und einem Mercaptan vor. 

Man wird wohl nicht fehl gehcn, als Muttersubstanzen dieser 
Thioather cbenfalls das Methionin anzusehen bzw. das in der Natur 
noch nicht aufgefundene Homocystein. 

Von Akabori und Kaneko wurde aus dem durch Fermentation 
gewonnenen “Shoyu’^ (japanische Maggi) ein fluchtiger Riechstoff 
isoliert, welcher auf Grund von synthetischen Versuehen die Kon- 
stitution eines 7 -[Methylmercapto]-propyl-alkohols: 

CHSCUoClh-ClhOn 

besitzt. Er wurde Methionol genannt. Wahrscheinlich ist das 
Methionol, Kp 23 99-101°, aus Methionin durch Desaminierung und 
Reduktion entstanden. Bemcrkenswert ist die, wenn auch langsam 
verlaufende 8 ynthese bei Zimmertemperatur aus Allylalkohol und 
Methylmercaptan nach: 

CHzrCII.CIbOH 4- CIbSH-> ClUSClh’Clh CAWU 

die durch Licht und Sauerstoff beschleunigt wird. 

8 chliesslich sei noch ein kurzlich entdeckter Thioather erwahnt, der 
vermutlich aus Methionin oder Cystin entstanden ist. Von Haagen- 
Smit und Mitarbeitern wurde aus den hoher siedenden Fraktionen der 
fliichtigen Stoffe des Ananassaftes der d-Methylthiopropionsaure- 
methylester 

CH3SCH2-CH2-COOCH3 

isoliert. 8 ein 8 ulfon zeigt den Schmelzpunkt F. 93.6-94°. Es 
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scheint durch Isomerisation des Thetin-anhydrids (CH 3 ) 2 S+ CH 2 - 
COO“ entstanden zu sein. 

Als Thioather kann auch die nachfolgend besehriebene Djenkol- 
saure aufgefasst werden, 

Djenkolsdure. Im Jahre 1934 wurde von den Holltodern van Veen 
und Hijman in der Djenkolbohne, die in Niederlandisch-Indien zu 
Vergiftungserscheinungen Anlass gegeben hatte, die Djenkolsaure, 
das L-Cysteinthioacetal des Formaldehyds, CH 2 [—SCH 2 CH- 
(NH2)C00H]2 entdeckt. Die Synthese erfolgte bald darauf durch 
dll Vigneaiid und Patterson. Dieser eigenartige I'hioather krystal- 
lisiert in Nadeln. F. 300-350° (Zers.), [a]l = -44.5° (l%ig. HCl). 

Nach Genuss von 50 jungen Djenkolbohnen konnen aus dem Harn 
ohne Miihe rund 0.4 g. reine Djenkolsaure isoliert werden. Da die 
Verbindung sehr schwer loslich ist, fiihren Ausscheidungen im Urether 
von Djenkolkranken zu Verstopfungen und Nierenschadigungen. 

Adenyl-D-thiomeihylrihose. Nachdem Suzuki und Mitarbeiter 
einerseits, Levene und Sobotka andererseits aus Hofe eine Adenylthio- 
methylpentose, F. 212°, isoliert batten, gelang Wendt 1942 die 
Konstitutionsaufklarung dieses eigenartigcn Thioathers. Dor Bau 
der Adenyl-D-thiomethylribos(‘ entsprieht wahrscheinli(4i dem der 
M uskeladenylsaure: 


N=C-NHi 
lie C- 

I I 

N-C- 


N. 


N- 




CII 


I-^-1 

I OH OH I 
C—C—C—C— 

H H H H 


CH2SCH3 


Cyclische Thioather. Aneiirin {Thiamin). Es ist hier nicht der 
Ort, um liber die zahlreichen Arbeiten zu berichten, welche dem 
Vitamin Bi-Aneurin unter dem Gesichtspunkt seiner Bedeutung fiir 
die Ernahrung des Menschen und der Tiere gewidmet sind. Hier 
soil lediglich die Natur des Aneurins als schwefelhaltige Substanz des 
Pflanzenreiches gewiirdigt werden. 

Bekanntlich wurde das erste Konzentrat von Aneurin 1911 aus der 
Reiskleie von Funk gewonnen, 15 Jahre spater gelang es Jansen und 
Donath die Substanz in krystalliner Form darzustellen. Aber erst 
1937 haben Williams sowie Andersag und Westphal unabhangig von 
einander die Synthese durchgefuhrt. Das Aneurin ist eine zwei- 
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saurige Base. Sein Dihydrochlorid, C 12 H 18 N 4 OSCI 2 , F. 252® bzw. 
232-234®, ist in neutraler sowic alkalischer Losung empfindlich gegen 
Warme, oberhalb pH = 3.5 ist es auch bei hoheren Temperaturen 
bestandig. Gegen Oxydationsmittel und ultraviolette Strahlen ist 
es sehr empfindlich. 

Das Molektil des Aneurins besteht aus einer Pyrimidin- und einer 
Thiazolkomponente, wie aus dcm Vcrlauf der Synthese hervorgeht: 


N 


H 

/V 


H3C-Q 


\ y 

N 

Pyrimidin 


9^ 

<j:na 

■CHaBr 

NHa-HBr^ 

,c=c 

+ \ 1 

D—S 


Thiazol 


H 

N C—CII2—N, 


CH 3 
Br I 

! C=C-CIl2-CIl201I 




/ \ / \ 

H3C N NII^dlBf 


C-S 

II 


In dieser Form ist der Schwefel in der Natur nicht wiederaufgefunden 
worden. In der Bierhefe liegt das Aneurin nach Lohmann und 
Schuster als Diphosphorsaureester vor: 


CH 

II I 

N C N 

II I \-S 

N Nila 


0 

C-CHa-CIIa- 0 -P;~ 0 -P^ 

IIO'^ \ IV 

OH 


In Verbindung mit einem spezifischen Eiweisskorper fungiert dieser 
Aneurindiphosphorsaureester im Pflanzenreich als Ferment Car¬ 
boxylase, welcher Brenztraubensaure zu Acetaldehyd und CO 2 spaltet. 
Der Aneurindiphosphorsaureester wird als Cocarboxylase bezeichnet. 
Nach Krebs und Eggleston ist ein Magnesium-Aneurindiphosphat- 
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Proteid, welches Green und Mitarbeiter isolierten, ftir die Oxalessig- 
saurebildung aus Brenztraubensaure und Kohlendioxyd verant- 
wortlich: 


CO 2 + CHa-CO-00011-> H00C CH2-C0 C00H 


Der Gehalt verschiedener Pflanzen an Aneurin in y% nennt folgende Tabelle 


Backhefe. 

.. 600-2000 

Kartoffel, roh. 

60-180 

Bierhefe. 

.. 810-36000 

Apfel. 

20-40 

Holzzuckerhefe. 

.. 1500-2400 

Birnc. 

30-50 

Weizen (Vollkorn). 

300-700 

Zitrone, Apfelsine. 

50 

Roggen (Vollkorn). 

240-120 

Paprika. 

140 

Gerste (Vollkorn). 

450-720 

Johannisbeeren, schwarze. 

10 

Hafer (Vollkorn). 

450-630 

Walnuss. 

200-300 

Mais (Vollkorn) . 

300-400 

Erdnuss. 

800-1400 

Hirse. 

250 

TCnoblauch. 

575 

Buchwcizen. 

250 

Zvviebel. 

350 

Reis, unpoliert. 

220-350 

Schnittlauch. 

100-125 

Weisskobl, roh. 

60-120 

Petersilie. 

80-190 

Rosenkohl. 

180-250 

Weissc Bohmui. 

430-1600 

Spinat, roh. 

60-220 

Sojabohrc. 

1000-1300 

Karotte. 

60 

echter Reizker. 

no 

Sparge 1. 

200 

Ilydnuin imbricatum.. 

50 

Tomate. 

60-90 

Boletus flavus. 

25 

Tomatenkernc. 

1150 

Psalliota silvatica. 

12 

griinc Erbsen. 

175 




Das Scutellum von Weizenkeimen, welches im Mittel 1.54% des Getreide- 
korns ausmacht, enthalt 59% des gesamten Aneuringehaltes des Kornes. 
Das Scutellum von Roggen, Mais, und Gerste weist ebenfalls sehr hohe 
Gehalte an Aneurin auf. 

Nachgewiesen ist das Aneurin ferner in dcm Pansenbakterien des 
Rindes, Flavobacterium vitarumen. 

In den Knospen verschiedener Baume wird Aneurin in erheblichen 
Mengen gebildct (Burkholder und Sinnott). 

Was den Einfluss der Diingung auf den Aneuringehalt anbelangt, so 
fanden Pfiitzer und Roth, dass durch Volldtingung und erhdhte 
Stickstoffdtingung der Bi-Gehalt von Getreidekornern gesteigert 
werden kann. Diesem Ergebnis stehen andere Arbeiten gegentiber, 
bei denen keine Einfluss beobachtet werden konnte, was jedoch 
fraglich erscheint. 

Das Aneurin kommt praktisch in den meisten Pflanzen vor, aller- 
dings—abgesehen von Hefe—nur in geringer Konzentration. Vor 
allem wird es in den Samen von Hiilsenfriichten, sowie Getreide- 
keimlingen angetroffen, d.h. an den Stapelplatzen von Nahrmaterial 
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fiir den sich entwickelnden Keim. Die Synthese des Aneurins kann 
schon bei Pflanzen der friihesten Entwicklungsstufen beobachtet 
werden. Guerrant, Sunderliii und Schieblich konnten zeigen, dass 
Colibazillen, die Cdcumbakterien der Ratte, Milchsaurebazillen, 
Smegma- und Timotheebazillen, Actinomyces, und Aspergillus usw. 
Aneurin aus einfachen Baustoffen aufbauen konnen. Andere Mikro- 
organismen dagegen sind auf die Zufuhr von Aneurin angewiesen, So 
z.B. Staphylococcus aureus, Propionsaurebakterien, Streptotrix und 
zahlreiche niedcre Pilze der Gattungen Phycornyces, Rhizopus, Mucor 
(Tatum, Knight,"^chopfer). Die Wachstumswirkung des Aneurins 
kann am Phykomyces-Test nach Schopfer-Jung, Meiklejohn, Morell 
zum Nachweis von 0.05 7 B 1 in 1 ml. ausgenutzt werden. Bei den 
hoheren Pflanzen findet si'ch das Aneurin in alien lebenden Tcilen. 
Ein ausserst empfindlicher Tndikator fiir Aneurin ist die aiisge- 
schnittene Tomatenwurzel, die in einer geeigneten Nahrlosung nur bei 
Gegenwart von Aneurin bzw. seiner beiden Bruchstiicke wachst 
(Robbus und Bastley), mit dieser Methode lasst sich Bi noch in einer 
Verdlinnung von 1:4 Billionen nachgewiesen. (Stepp-Schroder- 
Klihnau). 

Das Aneurin kann, neben dem Pyridoxin und der Nicotinsaure, 
direkt als Wurzelwuchsstoff hoherer Pflanzen bezeichnet werden, 
denn unter seinem Einfluss wird cine Steigerung der Wurzellange, der 
Wurzelverzweigung und des Wurzeltrockengewichtes bewirkt. 

Aus verschiedenen Arbeiten liber den Einfluss von Aneurin auf das 
Wachstum grliner Pflanzen (Kogl, Bonner) geht hervor, dass z.B. im 
Dunkeln gehaltene Erbsenpflanzen einen geringen und nicht ansteig- 
enden Gehalt an Vitamin Bi zeigen. Im Licht nimmt die Aneurin- 
menge in den Blattern rasch zu und wird von dort in die wachsenden 
Wurzelspitzen transportiert. Bei schnellwachsenden einjahrigen 
Pflanzen (Erbse, Bohne, Tomate, Rettich) in Sandkulturen mit 
ausreichender Nahrlosung wurde durch Aneurin keine Wachstums- 
forderung beobachtet (vgl. auch Mitchell), wohl aber bei langsam 
wachsenden Arten, wie Aleurites fordiiy Buginvillea glabra^ Arbutus 
unedOj Eucalyptus Jicifolia^ Camellia japonica, 

Wenn die untersuchten Pflanzen genligend Aneurin selbst syn- 
thetisieren, ist ein Einfluss zusatzlicher Gaben natiirlich kaum zu 
erwarten. Das scheint bei Tomate, Senf u.a. Pflanzen bei Gegen¬ 
wart anorganischer Salze und Spurenelemente, sowie bei ausreichen- 
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cler Belichtimg und Beliiftung der Fall zu seiii (Arnon, Templeman, 
und Pollard). 

Praparierte Wurzelspitzen von Erbsen sind imstande, aus der 
Pyrimidin- und Thiazolkomponente in ahnlicher Art und Weise, wie 
Mikroorganismen, das Aneurin zu synthetisieren (van Santen und 
Koningsberger). Die zahlreichen mikrobiologischen Arbeiten iiber 
den Einfluss von Aneurin bzw. seiner beiden Komponenten auf das 
Wachstum von Pilzen und Bakterien konnen an dieser Stclle nicht 
eingehend gewiirdigt werden. Bekanntlich wirken die Komponenten 
entweder jede fiir sich allein, beiden gemeinsam oder auch nur das 
fertige Vitamin Bi (Boas). 

Wahrend isolierte Flachswurzeln mit Aneurin allein auskommen, 
benotigen Tomatenwurzeln dazu noeh Pyridoxin (Vitamin Be, die 
prosthetische Gruppe der Aminosauredecarboxylase) und Nicotin- 
saure (zum Aufbau der Pyridinenzyme); Rettichwurzeln sind auf 
Aneurin und Nicotinsaure angewlesen. 

Es scheint also, dass Aneurin allein kein optimales Wurzclwachs- 
tum gewahrleistet, denn auch Amlong und Naundorf berichten, dass 
ihnen bei Kohlarten, Kohlru])en, und Tabak erst eine Kombination 
von Aneurin, Ascorbinsaure und d-Indolylessigsaure (als Aktivator 
des Auxins) den maximalen Ertrag infolge besserer Bewurzelung 
ergab. 

Die Ueberlegenheit von naturlichem Dlinger, der etwa 0.1 mg. 
Aneurin je 1 kg. lufttrockenes Material cnthiilt, gegentiber anorgani- 
schem Dlinger, dtirfte zu einem Teil auf diesem Vitamingehalt 
beruhen. Moglicherweise beruhen auch die Erfolge der verschie- 
denen Verfahren zur partiellen Sterilisation des humosen Bodens 
darauf, dass entweder aus zugrunde gegangenen Zellen von Mikro- 
organismen Wuchsstoffe freiwerden oder dass sich di(^ nacjh der Be- 
handlung wieder entwic.kelnden Bakterien als besonders gute Wuchs- 
stoffproduzenten erweisen. 

Die Biotine. Eine Gruppe organischer Substanzen, welche die 
Hefe und andere Mikroorganismen zu ihrer Vermehrung benotigen, 
wurde von Wildiers 1901 als ‘‘Bios'' bezeichnet. Ehe die Konstitu- 
tionsaufklarung durch die Arbeiten von du Vigneaud und Kogl 
gelang, tnig der Hauptbestandteil dieser Stoffgruppe die verschie- 
densten Namen (Bios II = Faktor X = Vitamin H = Goenzym R). 
Jetzt wissen wir, dass die fragliche Substanz in der Xatur in zwei 
Formen vorkommt, die als a-Biotin und /3-Biotin bezeichnet werden. 
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Es handelt sich um cyclische Thioather, die nur ausnahmsweise 
(Reiskleie) in freier Form vorkommen, meist dagegen als wasser- und 
alkoholunlosliche Verbindungen mit Eiweiss, die erst durch prote- 
olytische Spaltung zerlegt werden konnen, vorliegen. Alkalische 
Hydrolyse ist nicht geeignet, da die Biotine dabei teilweise zerstort 
werden (Stepp-Schroder-Kiihnau). 

Nach Kdgl besitzt das oj-Biotin aus Eigelb nachstehende Konstitu- 
tion: 

0 

IIN Nil 

I ■ I 

HC-CH COOH 

I I I 

II 2 C CH—CII-CH(CII,), 

Dem /3-Biotin aus Leber und Milch kommt nach du Vigncaud folgende 
Struktur zu: 


/^\ 

IIN NH 

I I 

HC-CII 

ILC^ ^CH—CIL-CH 2 -CII 2 —CH-COOII 


Das a-Biotin ist nur halb so wirksam, wie die /S-Form. Die Syn- 
these des ^-Biotins wurde von Harris und Mitarbeitern 1943 durch- 
geftihrt; die 2 '-Keto-3,4-imidazolido-2-tetrahydrothiophen-n-valer- 
iansaure C 10 H 16 O 3 N 2 S, F. 230-232° (Zers.), [«]d = +92° in 0.1 N 
Natronlauge, ist loslich in Alkohol und Wasser, hitzestabil und wird 
weder durch Sauren noch durch Alkalien zersetzt (Bicknell und Pres¬ 
cott). 

Bei Verwendung von Bac. radicicola bzw. Rhizohium trifoUi als 
Testorganismen, die ohne Biotin sich nicht vermehren konnen (Stein¬ 
berg), lassen sich noch 0.004 7 /Liter Biotin nachweisen. Hier 
fungiert der Stoff als Coferment der Atmung. Auch das Wachstum 
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des Erregers der Acetongarung (Clostridium aceto-butylicum) und die 
Saurebildung durch Lactobacillus casei (Snell und Mitarbeiter), 
konnen als Test zur Biotinbestimmung dienen. 

Das Biotin ist in der Natur weit verbreitet. Besonders hoch ist 
der Gehalt in den der Fortpflanzung dienenden Organen der Pflanze 
(Roggenpollen 16, Erbsen 8-18, Petersiliensamen 20 7 %). Das 
Biotin der Samen stellt ein Depot dar, welches nach Kogl bei der 
Keimung mobilisiert wird. Die Reiskleie enthalt 19 7 %. Reichlich 
findet es sich aiich in Hefe, Kartoffelmehl, in Heidelbeer-, Luzerne- 
Maiglockchen-, und Digitalisblattern, besonders \ iel in Kamille- 
bliiten, wahrend Koniferennadeln nur einen geringen Biotingehalt 
aufweisen. Die zur Moorbildung fiihrenden Absterbe-und Verrot- 
tungsvorgange zerstbren den Biotin/ehalt der pflanzliehen Ausgangs- 
materialien nicht, denn die kolloiden Humusstoffe der Moore besitzen 
einen betrachtlichen Biotingehalt und eignen sich deshalb vorziiglich 
fiir das Gedeihen von biotifiabhangigen Bodenmikroben (Rhiz. trifolii 
u.a.). 

Bemerkenswert ist die Fahigkeit der Pansenbakterien der Kuh zur 
Biotinsynthese (McElroy und Jukes). 

Aspergillus niger ist bei Anwesenheit von Pimelinsaure oder deren 
hoheren Homologen (Suberin-, Azelainsaure) befahigt. Biotin zu 
synthetisieren. Durch Zusatz von Cystin oder Cystein wird diese 
Synthese noch gesteigert (Eakin and Eakin). Gewisse Stamme von 
Staphylococcus aureus bcnotigen nach Porter und Pelczar, Jr., neben 
anderen Wachtumsfaktoren, wie Aneurin und Nicotinsaure, auch 
Biotin. West und Wilson sowie du Yigneaud und Mitarbeiter mach- 
ten die Identitat von Coenzym R (Allison und Mitarbeiter) aus 
Azotobacter init Biotin wahrschleinlich. 

Bei hoheren Pflanzen befbrdert es die Wurzelentwicklung und das 
Sprosswachstum bei der Keimung, in deren Verlauf es von den 
Kotyledonen zum Embryo transportiert wird (Erbsen). Die Wachs- 
tumswirkung wird von Arbutin und Digitonin gehemmt. 

Das Schwefelatom des d-Biotins lasst sich durch Wasserstoff erset- 
zen, wobei das Desthiobiotin (du Yigneaud) entsteht. Dieses ist 
ebenso wie das Biotinsulfon (Dittmer und du Yigneaud) als Anti¬ 
biotin wirksam (Lilly und Leonian),* 

* Nach E. L. Tatum, ‘^Desthiobiotin in the Biosynthesis of Biotin,” J. Biol. 
Chem.y 160, 455 (1945), soli allerdings Desthiobiotin von einem bestimmten Pen. 
chrysogonium Stamm (Rontgenmutation Nr. 62078) als Vorstufe zum Biotin 
synthetisiert werder. 
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Den Gehalt an Biotin in vcrschiedenen der menschlichen Emahrung 
dienenden Produkten zeigt folgende Tabollc (nach Bicknell und 


Prescott) : 

Microgramm/ 

Gramm 


Microgramm/ 

Gramm 

Apfel_ 

0.009 

Mais . 

0.058 

Bananen. 

0.044 

Zu'i(*bol. 

0.035 

Bohnen, getrocknet 

0.098 

Kartoffel 

O.OOG 

B(»eten. 

0.027 

Torula util is 

1.33 

Kohl. . 

0.024 

Brau(Toilu‘f(* 

0 071 

Karotten . . 

0.025 



Bemerkenswert ist 

die Relieferung 

von R. radicicola 

mit Biotin 


durch die Wirtspflanze (Luzerne), wie es die Versuche von Nielsen und 
Johansen gezeigt haben. 

Die Penicilline. Zu den schwefelhaltigen Stoffen des Pflanzen- 
reiches gehoren auch die im Hinblick auf die Humantherapie in den 
letzten 10 Jahren intensiv bearbcitcten Penicilline. Man versteht 
darunter antibiotische Stoffe von Penicilliumarten. Bei der mikro- 
skopischen Kontrolle von Staphylokokken-Kulturen fand Fleming 
1928 eine Platte mit einor zuf^lig hincingeratenen Schimmelpilz- 
kolonie. Auffallig war, dass die umliegenden Staphylokokken durch 
Lysis zugrunde gogangen waren. Fleming erkannte, dass diese 
Erscheinung auf eine antibakterielle Substanz zuruckzufiihren war, 
welche der Schirnmelpilz ausgeschieden hatte. Der Pilz wurde von 
Raistrick als Penicillium notatnrn Westling idcntifiziert (vgl. Killian). 

Die Reinigung und Isolierung des Penicillins aus dem Nahrmedium 
erwies sich als ausserordcntli(*h sehwierig. Erst 1942 gelang Florey 
und Chain die Isolierung und 1946 war die Konstitutionsforschung 
mit der Synthese aus Penicill-amin-D-ehlorhydrat und 2-Benzyl-4- 
methoxy-methylen-5-oxazolon, welche allerdings nur 1% Ausbeutc 
lieferte, abgeschlossen (vgl. Hoffmann-Walbeck). Nachdem sich 
herausgestellt hatte, dass von Penicillium no^a^i^m-Kulturen bei 
verschiedenem Nahrmedium und zum Teil auch zeitlich getrennt zwei 
verschiedene antibiotische Substanzen produziert wurden, nannte 
man diese beiden zunachst Penicillin A und Penicillin B (Vgl. P. 
Kiihne). Wahrend Penicillin B, das auch Notatin, Penatin, und 
Penicidin genannt wird, eine Wasserstoffsuperoxyd produzierende 
Redoxase vom Flavintypus ist, erwies sich Penicillin A als ein 
Gemisch. Bisher sind 5 verschiedene Penicilline aus PenniciIlium 
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chrybogenuin notatum tKikmint gcworclcn, die alle ein gemeinsames 
Grundgeriist Penin genannt—enthalteii (Morgenstern): 


Clh 




-coon 


\ /\ 

CH CO 

^CII 

I 

NIT, 


Die primarc Aminogruppe des Peran.^ ist hei flon einz(‘lnen Peni- 
(dllinen saureamidartig mil. 

( 1 ) Hexensaure, CIl 3 ‘CH 2 ‘Cll:CH*CH: COOH (Penicillin F oder I) 

( 2 ) Capronsaure, CHb*( 0112)4‘COOH (Dihydropenicillin F) 

( 3 ) Phenylessigsaure, CeHo-CHi-COOH (Penicillin G oder II) 

( 4 ) p-Oxyphenylessigsaure HO*0*114*0112-COOH (Penicillin X oder III) 

( 5 ) n-Caprylsaure, CH8(CH2)6COOH (Penicillin K oder IV) besetzt. 

Die Penicilline sind starke einbasische Sauren, deren wtorige 
Losungen ein pH = 2.8 zeigen. Die starkste Wirksamkeit besitzt 
das Penicillin G, das in Form des Na-, Ca-, Percain- oder Trimethyl- 
ammoniumsalzes benutzt wird: 

CII3 

-ci[—coon 

CI.^I I 

CH ^CO 
CH 

Nil—CO—CHj- ^ ^ 


Einige chemische Eigenschaften des Penicillins sprechen nach 
Robinson dafiir, dass es auch als ein ^‘Protomeres’^: 
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R—C=N—CH—CII 0(CH.,)2 

I III 

-() CX)-NH—(RI—coon 

f 

auftreten kann. 

Im Geriist der Penicillino liegt eine sohwefolhaltigo Aminosauro vor, 
die bisher in der Natur noch nicht aiifgefunden worden ist: 

CII 3 

-CII- coon 

|ii liii., 

/9, /3'-Dimetliylcysteiii 

Merkwiirdigerweise hat nun dieses Homologe des Cysteins aueh noch 
die unnatiirliche o-Konfiguration, d.h. es leitet sich die Aminosaure 
nicht wie alle anderen Eiweissbausteine genetisch vom L-Glyzerin- 
aldehyd, sondern vom D-Glyz(uinaldehyd ab. Die Na-, K-, iind Rb- 
Salze des Penicillins wurden rontgenographisch untersucht. Die 
vollstandige Fourier-Analyse ergab das Vorliegen eincT /3-Lactam- 
verbindung, sodass der auffallige viergliedrige Ring im Moleklil 
gesichert erscheint. 

Sehr empfindlich gegenuber Penicillin sind die pyogenen Kokken, 
und zwar die gram-positiven (Staphylo-, Strepto-, und Pneumokok- 
ken) sowie die gram-negetiven (Gono- und Meningokokken). Ihre 
P^ntwicklung wird bereits durch Yerdiinnungen von meist iiber 10 
Millionen no(^h vollig gehemmt. Wahrend Micrococcus catarrhalis 
noch reagiert, sind die ausgesprochen saprophytischen Kokken und 
namentlich die Enterokokken ganz unempfindlich. 

Bei den Bazillen werden nur die gram-positiven'^ stark gehemmt, 
namlich die Diphtheriebakterien und die Diphtheroiden, die an- 
aeroben Sporenbildner (Tetanus, Gasodem), die Aktinomyceten und 
die Milchsaurebakterien. Auf gram-negative Bakterien wirkt Peni¬ 
cillin im allgemeinen nicht ein, auch Hefe und Pilze sind wider- 
standsfahig. 

Innerhalb ein und derselben Bakterienart zeigen sich Unterschiede. 
So existieren beim Staphylococcus aureus resistente Stamme. Diese 

* Die gram-positive Farbung ist auf den Gehalt der Keime an Magnesium- 
ribonucleinat zuruckzufuhren (Stacey). 
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Resistenz Hess sich auch in vitro durch Anpassung erzeugen. Ver- 
mutlich handelt es sich um eine adaptive Enzymneubildung. 

Bei der enzymatischen Zerstdrung handelt es sich um die Hydro¬ 
lyse einer Saureamidbildung. Die Penicillase gehort also zu den 
Amidasen (vgl. Bersin). Aus dem Penicillin entsteht durch Auf- 
nahme von 1 Mol Wasser die Penicilloinsaure: 


CII3 


CH3 


Vi 


-cn-cooH 


S 

\ / \ 

CH ^CO 


+ H,0 


NH-CO-R 

Penicillin 


CH3^ 



CII-COOH 

I 

Nil 


CII 


CH—COOH 

I 

Nil-CO-U 
Penicilloinsliurc 


Wie Chain und Mitarbeiter zeigen konnten (vgl. aiudi Harper) 
enthalt namlich eine Reiho von mehr oder minder resistenten Bak- 
terien, wie verschiedene Paracoli-Stamme, Coli, Bacterium aerogenes 
und ein Luftmicrococcus, ein Enzym Penicillase, welches in neutraler 
oder alkalischer Losung Penicillin zu zerstdren vermag. Dieses 
Enzym ist sicher eine wesentliche, wenn auch nicht die cinzige 
Ursache fiir die Resistenz der unempfindlichen Bakterien. 

Auch durch Takadiastase, ein Enzymgemiseh aus Aspergillusarten, 
und noch mehr durch Clarase wird die anti})akterielle Wirkung des 
Penicillins gehemmt (Lawrence). 

Was die Wirkungsweise des Penicillins anbetriht, so hat cine Arbeit 
von Gale und Taylor gezeigt, dass nur wachsende Bakterien ange- 
griffen werden. Erfahrungsmassig ist die Eahigkeit, Glutaminsaure 
aus dem Nahrmedium zu assimilieren und interzellular als freie Saure 
zu konzentrieren, auf gram-positive Bakterien besehrankt. Geradc 
diese werden aber von Penicillin gehemmt. Die Pmergie, welche 
aufgebracht werden muss, um die Cdutaminsaure durch die Zellwand 
diffundieren zu lassen, wird durch die Vergarung von Glucose von den 
Bakterien geliefert. Im Gleichgewicht ist die intracellulare Konzen- 
tration von Glutaminsaure bedeutend hoher als die im Aussenmedium. 
Es wurde nun der Zellinhalt eines Stammes von Staphylococcus 
aureus, der zu einer starken Konzentrierung von Glutaminsaure 
imstande war, wahrend des normalen Wachsturns und nach Zugabe 
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von Penicillin zur Nahrlosung iintersucht. Es zeigte sich, dass in 
Gegenwart des Antibiotikums zunachst die intrazellulare Konzen- 
tration der Glutaminsaure innerhalb der ersten Stunde normal 
zunahm, dann sank sie jedoch schncll ab und zu demselben Zeitpunkt, 
an dem die Triibung nicht mehr zunahm, also das Bakterienwach- 
stum aufgehort hatte, war eine konstante Hohe erreicht. Die 
Assimilationsfahigkeit war weder durch Waschen mit Wasser, noch 
durch Behandhmg mit L-Cystein wiederherzustellen. Das Penicillin 
bewirkte ein allmabftches Erloschen der Zellatmung und nach mehr- 
eren Stunden trat Lysis ein. Da Penicillin auf ruhende Zellen keinen 
Einfluss austibt, vermuten Gale und Taylor, dass eine Reorganisation 
der Zellwand eingetreten sein muss, wodurch der Assimilations- 
mechanismus blockiert wird. 

Pratt und Dufrenoy haben gelegcntlicli von Studien iiber die Ein- 
wirkung von Penicillin auf Staphylococcus aureus gefunden, dass in der 
Zone des nichtgestorten Wachstums die Thiolreaktion stets positiv 
war, wahrend in der Zone des verhinderten Wachstums Thiole nicht 
nachgewiesen werden konnten. Der Verlust der FM)barkeit des 
gram-positiven Komplexes—nach Henry und Stacey ein Magnesium- 
ribonucleinat mit assoziierten HS-Gruppen—bei der Umwandlung 
von Baktericn in fadenfonnige Zellen durch Penicillin (Verhinderung 
der Zellteilung) ist mit einem Schwund der HS-Gruppen durch 
Oxydation zu SS-Gruppen verbunden. Im Einklang hiermit fand 
Cavallito, dass Cystein als Thiol die bakteriostatische Wirkung des 
Penicillins aufheben kann, wahrend Spuren von Co(II)-Salzen, welche 
bekanntlich die Thiole durch Komplexbildung ausschalten, die 
Empfindlichkeit der Mikroorganismen gegeniiber Penicillin erhohen. 
Die Aktivitat von Ribonucleinase wird iibrigens durch Penicillin 
herabgesetzt. Auf Grund der Angaben von Nickerson muss man 
schliessen, dass durch die Penicilline die Zellteilung, welche an das 
Vorliegen freier HS-Gruppen gebunden ist, verhindert wird. 

Aus L-Penicillamin synthetisertes Penicillin ist biologisch inaktiv 
(Work). Bemerkenswert ist die Feststellung von Pulvertaft, dass 
sich Bakterien in Gegenwart von kleinsten Penicillin-Mengen, die fiir 
eine vollige Bakteriostase nicht mehr ausreichten, zu Riesenformen 
auswuchsen. 

Penicillin wirkt auf die Ruheatmung der Kokken nicht ein, unter- 
bindet aber in hoheren Konzentrationen jeden Gaswechsel im Stadium 
der Vermehrung, d.h. zerstort sie. 
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Abschliessend sei nodi auf den Mechanismus der Penicillinsyntheso 
in vivo eingegangen. Ps kann angenoinmen wcrdcn, dass das Peni- 
cillingeriist in den Pilzzellen diireh Kondensation von im Stoffwechsel 
gebildetem Aeeton (man denke an die Butanol-Aceton-Garnng) mit 
Acyl-D-cysteinyl-glycin (vermutlich aus Glutathion) und gleichzeitige 
enzymatische Dehydrierung gebildet wird: 


H,C /li-CH-COOH 
^C=^6//H,'N 
/ / \ 

ik), / 

\ / 

JH 


NH-CO~U 


Ungewiss bleibt der Zeiiininlt, zu dem das D-Cystein gebildet wird. 
Die Phenylessigsaure des Penicillin G diirfte (lurch Desaminierung 
von Phenylalanin, die p-Oxyphenylessigsaure des Penicillin X durch 
Desaminierung von Tyrosin cntstanden sein. Di(^ geradzahligen 
Fettsauren der anderen Penicilline sind zweifellos biosynthetisch 
durch Aldolkondensation aus Brenztraubens^ure gebildet worden. 

Nach Smith und Bide kann die Ausbeute an Penicillin G durch 
Zusatz von /3-Phenylathylamin, Phenylacetamid, Phenylessigsaure, 
N-(Phenylacetyl)glycin odor Benzylcyanid zur Nahrlosung nahezu 
verdoppelt werden. Die optimalc Konzentration betragt 0.05%. 
Bei einer Konzentration von 1% ist auch Phenylalanin recht wirk- 
sam. Es handelt sich hierbei um eine particlle Biosynthese und nicht 
um eine Wachstumsbeschleunigung durch die zugcsetzten Suh- 
stanzen. In einem synthetischen Medium, das sonst nur zur Ent- 
stehung von Penicillin F fiihrt, kann durch Zusatz von Phenylacet¬ 
amid die Bildung von hauptsachlich Penicillin G erzwungen werden. 
Bemerkenswerterweise fiihrt ein Zusatz von /3-(p-Fluorphenyl)- 
athylamin zur Bildung des entsprechenden p-Fluorbenzylpenicillins. 

Auf schwefelfreier Nahrlosung wachst der Schimmelpilz kaum. 
Von alien zugesetzten schwefelhaltigen Yerbindungen vermag nur 
anorganisches Sulfat das Wachstum und die Penicillinbildung 
wesentlich zu stimulieren. 

Howell, Thayer, und Labaw ist es gelungen, radioaktiven Schwefel 
durch Biosynthese in das Molekiil des Penicillins einzubauen, und 
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zwar dadurch, dass dem Kulturmedium Na 2 ^®S 04 zugesetzt wurde. 
Nach der Bebriitung mit einem bestimmten Stamm von F, notatum 
konnte aus der Kulturfliissigkeit ein radioaktives Rohpenicilliri 
gewonnen werden, dessen Aufarbeitung zum krystallisierten Tri- 
athanolaminsalz des Penicillins G mit einem Schmelzpunkt von 140- 
150° fiihrte; in diesem Salz war das Verbaltnis das gleiche, 

wie im eingesetzten Natriumsulfat. 

Uscharin, Von Hesse, R(4cheneder, und Eysenbach wurde aus 
frivSchem Milchsaft •4pr Asclepiadaceen Calotropis procera und Colo- 
tropis gigantea, welche ein afrikanisches Pfeilgift liefern, eine schwefel- 
haltige Verbindung, das Uscharin, C 3 iH 4 i() 8 NS, Zors. P. 265°, [ajo = 
+29.0° (Chlf.), isoliert. Pass es sich bier um einen Tbioatber 
bandelt, ist wabrscbeinlicb. Der Scbwefel und der Stickstoff bangen 
dem Uscbarin nur sebr lose an; kurzes Erwarmen mit Saure spaltet 
den Stickstoff als NH 3 und den Sc+wefel als fllicbtige organiscbe 
Verbindung ab, wobei Uscbaridin C 29 H 38 O 9 entstebt, welcbes mit 
Borax in Isoanbydrocalotropagenin C 2 aH 3206 , ein ungesattigtes Ste- 
roidlacton, tibergebt. 

Nacb Hesse entbalt das Uscbarin den Scbwefel bocbstwabrscbein- 
licb in (Miiern Tbiazolidin- oder Tbiazolring. Die Hydrolyse ist mit 
allem Vorbebalt folgendermasscn zu formulieren: 

C31H41O8NS 4 - 2 U2O -► 4 - XHa 4 - HSCtb-CHO 

Uscharin Us(!hari<iin Thioglykolaldehyd 

Terthienyl. Einen merkwiirdig zusammengesetzten cycliscben 
Tbioatber baben Zecbmeister und Sease aufgcfunden. Aus den 
gelben Blumenblattern der afrikaniscben oder “Lemon^'-Variatat der 
gewobnlicben Dotterblume {Tagetes erecta L.) konnte in einer Aus- 
beute von 21 mg. je kg. Friscbmaterial eine Substanz isoliert werden, 
die in Losungen oder Adsorbaten eine intensive tintenblaue Fluores- 
zenz zeigte. Sie erwies sicb identiscb mit a-Tertbienyl, F. 94-95.5° 
folgender Konstitution: 


Die Verbindung zeigt weder Vitamin A-Aktivitat, nocb ist sie anti- 
biotiscb wirksam. Andere Variataten der Dotterblume auf dem 
gleicben Versucbsfeld waren frei von dieser Verbindung, deren 
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Bedeutung fiir die Pflanze, ebenso wie ihr Bildungsmechanismus, 
unbekannt sind. 

Gliotoxin Aiis Kiilturfiltraten von Aspergillus fumigaius, sowie 
aus Gliocladium fimhriatum und Trichoderma lignorum lasst sich 
(Weindling und Emerson; Johnson, Bruce, und Butcher) ein gegen 
grampositive, nicht aber gramnegative Keime stark fimgicid und 
bakteriostatisch hoch wirksames Antibiotikum Gliotoxin, Ci 4 Hi 6 N 2 “ 
O 4 S 2 Oder Ci 3 Hi 4 N 204 S 2 , isolieren. Die chemische Konstitution dcs 
(hiotoxins wurde von Johnson und JVIitarbeitern als die eines Pyrazi- 
noindols rnit einer Disulfidgruppe (I) erkannt (Eldridgc und 
Spring): 



(0 


E. Stickstoffreic alicyclische Disulfide und Sulfoxyde 

Die durch Oxydation von N-haltigen Mercaptanen gebildeten N- 
haltigen Disulfide werden uns noch bei der Besprechung der schwefel- 
haltigen Aminosauren, Peptide, und Proteine zu beschaftigen haben. 
Hier soil nur auf die stickstoffreien Disulfide eingegangen werden, 
welche als Stoffwechselprodukte von Pilzen und Lauchgewachsen 
aufgefunden worden sind. 

Wie schon oben erwahnt, ist das Dimethyldisulfid (Kp. 112° CH;r 
SSCH3) augenscheinlich als Oxydationsprodukt des primar durch 
Methylierung von Schwefelwasserstoff von Schizophyllum commune 
gebildeten Methylmercaptans CH3SH anzusehen. Dieser Pilz ver- 
mag ihm angebotene Disulfide glatt zu Mercaptanen zu reduzieren. 
Penicillium brevicaule dagegen fuhrt aliphatische Disulfide nicht nur 
in Mercaptane fiber, sondern methyliert sie anschliessend zu un- 
symmetrischen Thioathern; so entsteht aus Diathyidisulfid C2H5SS- 
C 2 H 6 neben Aethylmercaptan, C 2 H 6 SH, auch Methylathylsulfid 
CH3SC2H6. 
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Diallyldisulfid, (CH 2 :CH CH 2 S~) 2 , Kp.ie 117", findet sich neben 
verwandten Disulfiden nach Semmler im Knoblauch {Allium sativum). 

Diallyldisulfidsulfoxyd, C3H6S*S(-^0)-C3H6 wurde von Cavallito 
und Mitarbeitern ebenfalls aus dem Oel von Knoblauch isoliert. 
Beide Verbindungen werden nach einer Vermutung von Challenger 
und Charlton aus Homocystin nach: 

(H00C-CH(NH2) CH2-CH2 S—I 2 ->2 002 + 2NH, -f 

(CH2:CH.CH2*S-). 

gebildet; diese Reaktion zeigt eine Verwandschaft zu dem bekannten 
enzymatischen Gleichgewicht zwischen Fumar- nnd Asparaginsaur(\ 
Das auch als Allyl-2-propan-l-thiolsulfinsaurcester aufzufassende 
Disulfidsulfoxyd ist der einzige bisher bekannte Vertreter der hypo- 
thetischen thiolhyposchwefligen Saure: 

H—S—S—H 

i 

O 

mit semipolar gebundenem Sauerstoff. Die beachtliche antibakteri- 
elle Wirkung dieser ftir die Heilwirkung des Knoblauchs augenschein- 
lich massgebenden Verbindung beruht nach Cavallito auf der Um- 
sctzung mit biologisch wichtigen Thiolgnippen der Mikroorganismen. 
So reagiert z.B. Cystein sofort mit RS-SO R unter Bildung von 
RSSCH2CH(NH2)C00H, also einem unsymmetrischen Disulfid. 
Eine Synthese des Diallyldisulfoxyds in 20-65%iger Ausbeute gelingt 
durch Oxydation des Disulfids mit aquimolekularen Mengen von 
Perbenzoe—bzw. Peressigsaure bei —20" bis + 50°. 

Von Stoll und Seebeck ist das gleiche Disulfidsulfoxyd, von ihnen 
Allicin genannt, isoliert worden. Es konnte synthetisch aus Diallyl- 
disulfid und Hydroperoxyd gewonnen werden. Die antibakterielle 
Wirkung soli sich sowohl gegen gram-positive wie gram-negative 
Keime erstrecken und etwa 15 Oxford-Einheiten je mg. betragon. 
Die Muttersubstanz in den Alliumarten ist das in krystalliner Form 
isolierte Alliin, CH 2 :CH CH 2 SO CH 2 CH(NH 2 )COOH, F. 163- 
165° (Zers.), [ajo + 52.7° (c = 2, Wasser), welches selbst antibak- 
teriell unwirksam ist, aber durch ein Enzym Alliinase in Allicin 
umgewandelt wird. 

Aus dem atherischen Oel von Asa foetida, einem Harz gewisser 
asiatischer Umbelliferen, wurde von Mannich und Fresenius ein 
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hochst unangenehm riechcndes Disulfid, das lsol)utylpropenyIdi- 
sulfid. 

CHaCH, 

ill --S-S ~cn-=(;H . CHa 

CHa 

Kp.io82-84^ [ajD = -17.62^ isoliert. 

F, Thioaldehyde 

Eine Klasse schwefelhaltiger Verbinduiigen, weleht* his vor kurzem 
nur auf synthetischem Wego zuganglieh war, stellen die Thioaldehyde 
dar. In ihrem Molekiil ist der Sauerstoff der Aldcdiyde durch 
Schwefel ersetzt. Sie bilden sich leioht aus Schwc'felwasserstoff und 
den Aldehyden, sind aber nur in alkalischer Losung bestiindig; durch 
Wasserstoffionen findet ^ine rolymerisation zu cyclischen Ver- 
bindungen von dreifacher Mclekulargrosse bzw. zu Makromolekulen 
kolloidalen Charakters statt. Wegen ihres unangenehmen Geruchs 
sind sie wenig bearbeitet worden. 

Erst 1947 wurde von Kohmann der monomere Thiopropionaldehyd, 
im Wasserdampf-Vakuum-Destillat von Zwieboln als tranenreizende 

H 

8 

Verbindung mit ziemlicher Sicherheit nachgewieseii. Das atherische 
Oel der Zwiebel mit seinein hohen Sulfidgehalt bleibt bei dieser Art 
der Gewiniiung zum grossten Teil im Riickstand. 

Der Thiopropionaldehyd ist nur kurze Zeit existc'iizfahig, besonders 
unter der Wirkung von Sauren polymerisiert er sich unter Triibung 
der Losung zu einer kolloidalen Verbindung, aus der durch Einwirk- 
ung von Brom Sulfat gebildet wird. Es gelang, das Mono- und 
Dinitrophenylhydrazon dcs Propionaldehyds aus der frisch herge- 
stellten Losung zu bereiten; bei der Umsetzung mit den entsprech- 
enden Hydrazinen entstand erwartungsgemass Schwefelwasserstoff. 
Die Losung des monomeren Thiopropionaldehyds besitzt in Tropf- 
chenform stark tranenreizende Eigenschaften. In der Pflanze diirfte 
der Thioaldehyd als solcher nicht vorliegcn; vcrmutlich entsteht er 
aus einer Additionsverbindung. 



260 


THEODOR BERSIN 


Was die Biosynthese anbelangt, so besteht die Moglichkeit einer 
Bildung aus Propionaldehyd und Schwefelwasserstoff nach: 

/H - Uso 

CH 3 CH 2 CHO 4- IbS 7 :—-- CHaCHiC^OH-► CH 3 CH 2 CHS 

\SH 

Aldehyde sind als Produktc der Aldolkondensation und Abbau- 
produkte von Aminosauren und Fettsauren in der Natur in Form von 
Acetalphosphatiden entdeckt wordcn (Feulgen, Feulgen, und Bersin, 
Bersin und Mitarbeiter), so auch in den Chloroplasten von Spinat- 
blattern (Menke uM^ Jacob). 

Es ist wahrscheinlich, dass der Thiopropionaldehyd eine der 
Ursachen fiir die Hemmung des Wachstums von Bakterien, Pilzen 
und Protisten durch die fliichtigen Zwiebelbestandtcile ist, sowie er 
auch wundheilende Eigenschaften besitzt. 

Die Thioaldehyde sind moglicherweise im allgemeinen nur 
Zwischenprodukte der Biosynthese auf dem Wege zu aliphatischen 
Thiolen, denn es ist bckannt (Neuberg, 1923), dass z.B. der Thio- 
acetaldehyd durch Hefeenzymo zu Aethylmercaptan hydriert wird: 

CHa-CllS 4 - 2 H-> CII 3 CII 2 SII 

IV. THl()HAUN 8 TOFFE UND 8 KNFOLIO 
A. Thioharnstoffe 

Nach dor lOntdcckung von Chesney, Clawson, und Webster im 
Jahre 1928, danach Gemlisearten aus der Familie der Kreuzbliitler 
(Wirsing, Weiss- und Rotkraut, Blumenkohl, Kohlrabi, weisse Riibe, 
Raps, Senf usw.) kropferzeugende Substanzen enthalten, kam Kennedy 
1942 zu der Ueberzeugung, dass im Rapssamen ein Thioharnstoff- 
derivat die wirksame Substanz sein miisste. Er crhielt in der Tat 
mit dem lange bekannten Allylthioharnstoff (Thiosinamin): 

H 2 C: C H. CHs . NH • CS • NH 2 

vom Schmelzpunkt F. 74°, Schilddriisenvergrosserungen bei Ratten. 
Die Losungen des Thiosinamins in Wasser, Alkohol, oder Aether 
schmecken bitter; mit Kupfersalzen bildet es charakteristische Kom- 
plexverbindungen. Der Allylthioharnstoff entsteht aus dem in 
Sinapis nigra und Cochlearia armoracia vorkommenden Allylsenfol 
und Ammoniak. 

Bemerkenswert sind die von Thompson und Kosar beschriebenen 
keimungsfordernden Eigenschaften des Thiosinamins; wahrschein- 
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lich handelt es sich hierbei um die Verhiitung eines Pilzbefalls der 
Samen durch das aus dem Thioharnstoff entstehende antibiotisch 
wirkende Senfol. 

Raper hat 1946 eine annahernde Uebereinstimmung zwischen 
peroxydasehemmender und antithyreoider Wirkung bei 35 verschie- 
denen Thioharnstoffen beobachtet. Er schliesst daraus, dass die 
goetrogene Wirkung der Thioharnstoffe auf der Beseitigung des bei 
der Bildung des Thyroxins im tierischen Organisinus entstehenden 
Wasserstoffperoxyds beruht.* 

Ergothionein. Ein kompliziert zusamrnengeseizter Thioharnstoff; 
das Ergothionein, der gleichzeitig als Betain fungie^ t, ist von Tanret 
zuerst im Mutterkorn Secalr cornutum und sodann aueh im Blut 
entdeckt worden. Die Synthese wurde 1911 von Barger durch- 
geftihrt. Es handelt sich bei die, t cyclischen Schwefelverbindung, 
die auch in der tautomei-en Form als Mercaptan reagieren kann und 
als solches bei der Oxydation ein substituiertes Dithioformamidin 
gibt: 


IIC = 


:C--CIh-CIl-COO" 


Ox 


IIN ,N 

V 

SII 


N(CIIs )3 


Red 


nc=c-ciis-cn—coo~ +n(cii3)3-cii-ch2-c= 


=CII 


HN 

V 

1 — 


N(CIb )3 


COO" 


N, 


V 

I 

s 


Nil 


um ein Thiohistidin. Nach Lawson und Rimington kommt das 
Ergothionein in besonders grosser Menge im ungarischen Mutterkorn 
vor. Es zeigt wie die anderen Thioharnstoffe eine goetrogene, d.h. 
kropferzeugende Wirkung, vorausgesetzt, dass keine antistrumigenen 
Nahrungsmittel (Karotten, Salat, Hafer, Ascorbinsaure) bei der 
Ftitterung verwandt werden. Der Angriffspunkt der Kohlkropfnoxe 
liegt wahrscheinlich in der Leber (Wagner-Jauregg). Uebrigens 

* Nach Jung und Giggelberger, Naturwissenschaften^ 35, 221 (1948), ist an- 
zunehmen, das der Thioharnstoff die Jodierung des Tyrosins durch Komplexbil- 
dung mit einem Kupferproteid verhindert. 



262 


THEODOR BERSIN 


kommt auch dem Methionin und in geringerem Masse auch dem 
Cystin eine schwache antithyreotoxis(;he Eigenschaft zu. Von 
Toennies ist wahrscheinlioh gemaeht worden, dass das Ergothionein 
in der Disulfidform (s.o.) mit Cystoin iinter Bildung eines unsym- 
metrischen Disulfids reagieren kann: 

H 00 CCH(NH 2 )CH 2 SII + RSSIl-> 

H 00 C CH(NH2)CH2 S S K -f HSH 

Dieses vermag sodann Cysteiii untor Rvickbildung von Ergothionein 
zu Cystin zu oxydieren: 

H 00 C-CH(NH 2 )CH 2 SPI + HOOr.CH(NH2)CH2SSll-► 

(nOOC.CH(NH2)CH2S—12 -f HSH 

Im Ganzen ergibt sicii also eine hei Thiol-Disulfid-Systemen bekannte 
Oxydoreduktion (Bersin und Steudel). 

Da Thioharnstoffe die Oxydation von Cystein durch Wasserstoff- 
peroxyd beschleunigen, spiolt das Ergothionein moglicherweise im 
Stoffwechsel des Cysteins eine Rolle (Lewis). 

Ueber die Bildung des Ergothioneins ist nichts bekannt. Das 
Ergothionein des Blutes soli aus der Nahrung stammen. Zein- 
hydrolysate zeigen die sehr spezifische Thioimidazol-Farbprobe nach 
Hunter, was auf das Vorkommen von Thiolhistidin in Proteinen 
schliessen liesse. 


B. Senfdle 

In Laucharten, aber auch in manchen Cruciferen kommen neben 
sogen. Laucholen, d.h. Mercaptanen und Disulfiden, auch Senfole, 
Ester der Isothiocyansaure RNCS vor. Der Gehalt an diesen Ver- 
bindungen wechselt stark von Pflanze zu Pflanze. Schmidt und 
Marquardt geben an, dass im Meerrettich 0.1-0.2%, in Zwiebel 
0.046% und Knoblauch 0.05-0.009% enthalten sind. Schwefel- 
haltige Glykoside, die Muttersubstanzen der Senfole und Lauchole 
kommen nach Nenjukow bei hoheren Pflanzen nur in solchen Familien 
vor, die auch durch den liber der Norm liegenden Gehalt an anorgan- 
ischem Schwefel ausgezeichnet sind (Krautgewachse). In solchen 
Familien zeichnen sich dann aber auch alle Vertreter durch einen 
Gehalt an diesen Stoffen aus. Die Senfole sind Umwandlungs- 
produkte schwefelhaltiger Aminosauren. In der Pflanze liegen sie 
zumeist als Glykoside vor, nur in den Samen ist wohl die Hauptmenge 
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infolgc erizymatlscher Spaltuiig als freies Senfol vorhanden. Dio 
Sonfole wirken antibiotisch auf gewisse Pilzc iind stellen daher fur die 
sie enthaltendon Samen einen gewissen Schutz bei der Keimung dar. 

Die Bildung von Sohwefelwasscrstoff aus Cystein imd Homocystein 
in Gegenwart von animalischen Organschnitten ist von Waelsch und 
Borek beobachtet worden. Moglicherweise verlauft auch in pflanz- 
lichen Geweben ein ahnlicher Abbau. Dann konnte man sich die 
Bildung der bei den Cruciferen auftretenden Isothiocyanate wie folgt 
(Challenger und Charlton) erklaren: 


iis cir2-cii2 CH(NiT2)cooir-% C[h:Cii.cri(Nir2)(UK)fr 

IIoinocystcMii 

- C’O, 

+ CO 2 

(ni2:CH.CH2-N:C:S -h 2H>() <- Cn2:CH•CH2 NH2 

+ ir2S 

Senfol ungesattigtes Amin 

Dio Muttersubstanz des iS-PhenylMhylsenfols durfte Phenylalanin, 
die des ('heirolins Methionin sein (Barger und Coyne), wahrend 
lOrysoliii wohl von dem noch zu entdeckenden Homomethionin 
stammt. 

Irn Samen der in Kanada heimischen Conringia orieniatis entdeckte 
C. Y. Hopkins nach Entfernung von Fett, Behandeln mit Wasser und 
Extraktion des wassrigen Auszuges mit Chloroform das 2-Mercapto- 
5,5-dimethyloxazoUn, F. 108.5-109.5®: 


11,C O-C-SH 

HaC C-N 

II 2 


Die fur eine Substanz pflanzlichen Ursprungs aussergewohnliche 
Konstitution liess sich jedoch durch Vergleich mit einer von Bruson 
und Eastes kurz zuvor synthetisierten Verbindung erharten. Ver- 
mutlich liegt die Verbindung als solche garnicht in der Pflanze vor, 
sondern ist im Verlauf der Verarbeitung aus /S-Methylallylisothio- 
cyanatglucosid entstanden: 
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/ 

H2C-CII2—N=C 

I \ 

CII, 


S-CcIIiiOs 


OSOjH 


H2C=C-CH2-N=C=S 

CHj 


on c=s 

I II 

HaC-C-CIl2 N 


CHj 


me 0—c—sii 

II 

\-N 

H 2 


Die im folgenden anj^fiihrton individiiellon Senfdle und ihro Gly- 
koside haben in den letzten 4 Jahrzehnten kaum eine Bearbeitung 
erfahren. Ks existieren daher keine gesicherten Angaben Tiber den 
Stoffwcchsel dieser Verbindungen. 

Allylsenfol, CH 2 :CH.CH 2 .IS^C:S, Kp. 150.7° (korr), Kp.,, 
44.5°, Dio 1.017. Wenig loslich in Wasser (1:1000), leieht loslich in 
Aether und Alkohol. Beim langeren Steheiilasscn mil Wasser findet 
unter Abspaltung von Schwefel eine Bildung von Allylcyanid statt. 
Das Allylsenfol kommt in geringer Menge in vielen Crueiferenarten, 
im Meerretti(*h Cochlearia armoraria L., in Alliaria officinalis, Thlaspi 
arvense L., in der Zwiebel Allium cepa (0.375%), Capscdla bursa 
pastoris, Iberis amara, Raphanvm raphanistrum, Sisymbrium officinale 
u.a. vor. Zumeist liegt es da als Glykosid Sinigrin vor. Ks bildet 
den fast ausschliessliehen Bestandteil des aus Sinapis nigra oder S. 
juncea bereiteten atherischen Oeles. Mit Cystein reagiert Allyliso- 
thiocyanat unter Bildung von a-N-Allylthiocarbamido-/3-thiolpro- 
pionsaure, Zers.P ca. 200° (naeh Todrick und Walker): 


HSCHz-CHNHa + SCN.C3H5 

ioOH 


ns • cm • CH • NH ■ cs ■ nh • CsHs 


(^OOH 


Crotonylsenfol, CHa CHiCH-CHa-NiCrS, Kp. 174°, Kp.so 83- 
85°. Zerstezt sich spurenweise beim Destillieren. Wurde in den 
Samen von Brassica napus und denen des indischen Senfes gefunden. 

Optisch aktives se/c.-Butylsenfol, C 2 H 5 *CH(CH 3 )N:C:S, Kp. 150- 
162°, [a]iy = 55.27°. Kann in 0.3% Ausbeute aus Loffelkraut 
Cochlearia officinalis naeh enzymatischer Hydrolyse des entsprechen- 
den Glucosides dargestellt werden. Kommt au(‘h im Samen von 
Cardamine amara L. (0.036%) vor. 

7 -Thiocarbimidopropylmethylsulf on (Cheirolin), CH3SO2 • CH2- 
CH2CH2. N: C: S. F. 47-48°. Prismen aus Aether. Ziemlich 
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leicht loslich in heissem Wasser, die Losurig reagiert kaum basisch. 
Gibt mit Plumbit bei gelindem p]rwannen PbS. Wurde im Samen 
des Goldlackes Cheiranthus cheiri, sowie einer Abart desselben 
Erysinum nanum compacturn aureum nachgewiesen, wo es als Glucosid 
vorliegt. FJs ist das erste in der Natur vorgefundene Sulfon. 

S-Thiocarbimidobutylmethylsulfon (Erysolin), CH 3 • SO 2 • CH 2 - 
CH 2 CH 2 CH 2 • N: C: S. Als Glucoerysolin in den Samen des dunkel 
orangen Goldlackes gefunden (Challenger iind Charlton). Verdankt 
seine Bildung augenseheinlieh dem unter den Aminosauren noch nicht 
gefundenen Homomethionin. 

Benzylsenfol, C 6 Hb-CH 2 -N:C:S. Kp. 243°. Unloslich in Was¬ 
ser. Bildet den Hauptbestandteil ties Kapuzinerkressoles {Trope- 
olurn ynajus). Wurde ferner in atherischen Gel von Lepidium sativum, 
in der Wurzel von Sisymbrium alliaria, Isatis tinctoria, in den Blattern 
von Cardamine pratensis, ira Samen von Raphanus saiivus niger und 
Raphauus saiivus radicida gefunden, wo cs wahrscheinlich. z.T. als 
Glucosid vorliegt. 

p-Oxybenzylsenfol, HO-C 6 H 4 -CH 2 -N:C:S. In Wasser fast un¬ 
loslich, mit Wasserdampfen nur spurenweise fllichtig; leicht loslich in 
Alkohol, Aether und verdlinten Alkalien. Erzeugt auf der Haut 
Blasen. Besitzt in der Kalte einen anisartigen Geruch, der in der 
Warme stechend wird, Liegt im Samen des weissen Senfes Sinapis 
alba als Glucosid vor. 

d-Phenylathylsenfol, CgHs • CH 2 CH 2 • N: C: S, Kp. 255.5-256 °. 
Kommit in den Wurzeln von Reseda lutea und R. luteola, im ather¬ 
ischen Gel von Reseda odorata L., sowie in Nasturtium officinale, 
Barbaraea praecox und Brassica rapa als Glucosid vor. 

Ueber die Bedeutung der Senfole fiir den Stoffwechsel der sic 
erzeugenden Pflanzen ist kaum etwas bekannt. Hingeweisen sei auf 
die von Erna Bach beobachtete Hemmung der spontanen Autoxyda- 
tion der Ascorbinsaure durch Allylsenfol. Nach 168 Stunden waren 
bei pH 5.3 in Gegenwart von 51 mg.% Allylsenfol noch 77% des 
Vitamins C erhalten, wahrend im Kontrollversuch schon nach 24 
Stunden die gesamte Ascorbinsaure oxydiert war. 

Senfolglucoside. Formal kann man sich durch Anlagerung von 
Schwefelsaure an die S: C-Doppelbindung der Senfole die Bildung von 
Thiolschwefelsaureestern in der Pflanze vorstellen, welche mit re- 
duzierenden Zuckern HOR unter Wasserabspaltung Senfolglucoside 
liefern: 
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R'.N:C:S -|- HOSO^OH-►K' NiC + HOH 

(WjsH 

Wie in Wirklichkeit die Bildung verlauft ist jedoch unbekanrit. 

Die Salze dieser Senfolglucoside sind in der Pflanze zumeist von 
zwei Fermenten, einer Thioglucosidase und oiner Sulfatase (friihcr 
wurde das Gemisch beider als Myrosin oder Sinigrinase bezeichnet) 
begleitet. Beide bewiaken die Synthese bzw. hydrolytische Spaltung 
der Senfolglucoside. 

Folgende Senfolglucoside sind zur Zeit bekaniil. 

Sinigririy myronsaures KqJ^ium, CH 2 : CH • CH 2 • N : C (OS():jK) - 
S-C 6 Hn 06 *H 20 , F. 127^ [a]^ = +17.6^ wassorfrei F. 179°. 
Dieses Glucosid kann aus frisch gepulvertem Semen sinapis, dein 
Samen des schwarzen Senfs, in etwa 1.5% Ausbeute gewonnen war¬ 
den. Die hydrolytische Spaltung des Sinigrins liefert n-Glucose, das 
fliichtige Allylsenfol und KHSO 4 . 

Sinalhin. HO • C6H4 • CH2 • N : C(— S • CeHnOs) (—OSO 3 • C16H24O5- 
N) • 5 H 2 O. F. 84° (wasserfrei F. 138-140°), [a]n = -8.23°. ^ Dieses 
Glucosid findet sich reichlicb im Samen des weisscn Senfs, Semen 
Erucae, aus dem es in etwa 2,5% iger Ausbeute gewonnen warden 
kann. Die enzymatische Spaltung flihrt zu dem nichtfliichtigen p- 
Oxybenzylsenfol, Glucose und Sinapinsulfat, d.h. dem Sulfat des 
Sinapinsaureesters des Cholins 3 , 5 -(CH. 30 ) 2 - 4 -(H 0 )C 6 H 2 CH:CH - 
CO • O • CH2 • CH2 • N (CH3)3 • HSO4. 

Glukocheirolin, CH 3 • SO 2 • CH 2 • CH 2 • CH 2 • N; C(OSO 3 K) (SCeHnOg). 
Dieses mit 1 Mol Wasser krystallisierende Glucosid, F. 158-160°, 
[«]d = —21.5°, kann aus Goldlacksamen in etwa 0.8%iger Ausbeute 
gewonnen warden. Die enzymatische Spaltung liefert das Sulfon 
Cheirolin, Glucose und Kaliumbisulfat. 

Gluconasturtiin liefert bei der Hydrolyse /S-Phenylathylsenfol. 
Besonders reichlich kommt es im Kraut der frischen Brunnenkresse 
und im Wiesenschaumkraut vor. 

Glucotropdolin gibt bei der Hydrolyse Benzylsenfol. 

Glucoerysolin wurde in den Samen des dunkel orangen Goldlackes 
gefunden (Challenger und Charlton). Es liefert bei der Hydrolyse 
das Sulfon Erysolin CH 3 -S 02 -CH 2 -CH 2 -CH 2 -CH 2 *N:C:S, ein 
Homologes des Cheirolins. Die Muttersubstanz diirfte das bisher 
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noch nicht aufgefundene Homomethionin CH3SCH2CH2CH2CH- 
(NH 2 )-C 00 H sein. 

Raphanin. Im Zusammenhang mit den Senfolglykosiden sei auf 
ein antibiotisches Prinzip des Rettigs (Raphanus sativus) hingewiesen, 
das von Ivdnovics und Horvath entdeckt worden ist. Aus dem 
wassrigen Extrakt der Rettigsamen wurde eine farblose bis schwach 
gelblich gefarbe sirupose Fliissigkeit Kp.o.oe 135°, [a]u = 141° in 
Alkohol, von der Zusaminensetzung Ci 7 H 2603 N 3 S 6 oder C 17 H 26 O 4 N 3 S 5 
isoliert. Die Substanz ist sehr leicht loslich in Wasser, Aethanol, 
Butanol, Butylacetat, Amylacetat und Chloroform, inassig loslich in 
Aether. Erhitzen mit Silbernitratlosung fiihrt ziir Ausflockung von 
Silbersulfid unter gleichzeitiger Inaktivierung. Nach dem Schiitteln 
mit Barytwasser und Neutralisieren des uberschiissigen Alkalis mit 
Schwefelsaure wird eine inaktive, in Wasser und organischen Losungs- 
mitteln wenig losliche, krystalline Substanz, F. 192-193°, der vermut- 
lichen Zusammensetzung CcHnONSa gebildet. Zwischen pH 3 und 8 
ist das, Raphanin genannte, Produkt aus Pettig stabil, jenseits dieser 
Werte wird es rasch verandert. Gegen Hitze ist es ausserst bestan- 
dig. Das Raphanin zeigt ausgepragte antibiottsche Eigenschaften 
gegenliber Staph, aureus^ Bad. coliy Sal. typhi-H, Sal. typhi~0, Sal. 
schottmiilleri, Bad. Shiga-Kruse^ Pseudomonas aeruginosa, Bad. 
anthracis, -subtilis, -prodigiosus. Das Raphanin hemmt ahnlich den 
Lactonen (Cumarin) die Keiinung der Samen verschiedener Pflanzen 
{Festuca pratensis, Brassica solleraciUj Sinapis albUj Cucumis sativus, 
Hordeum distichon u.a.). Von Schmidt und Marquardt, welche 
verschiedene Kreuzbliitler auf ihre antimykotische Wirkung gegen- 
iiber Epidermophyton interdigitale untersuchten, wurde der Rettich 
im Gegensatz zu Knoblauch, Zwiebel und Meerrettich als unwirksam 
bezeichnet. 

Antibiotische Verbindung aus Asarum canadense. Aus wildem Gin- 
ster {Asarum canadense var. reflexum) wurden von Cavallito und 
Bailey in einer Ausbeute von etwa 20 mg. pro Kilogramm frischer 
Blatter und Stengel zwei antibiotisch stark wirksame Stoffe isoliert. 
Die eine Substanz ist schwefelhaltig und hat die Zusammensetzung 
C 21 H 20 O 8 N 2 S; sie krystallisiert aus 95%igem Alkohol in gelben Nadeln 
und zersetzt sich beim Erhitzen von etwa 160° ab. 

Die Isolierung erfolgt durch Behandeln der Blatter mit 95%igem 
Alkohol. Nach dem Abdestillieren des Alkohols bei 20 mm wurde 
der wassrige Riickstand zwei mal mit Chloroform extrahiert, das dann 
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wiederum zwei mal mit l%iger NaHCOs-Losung ausgezogen wurde. 
Durch Ansauern erhalt man aus der NaHCOs-Losung eine Verbin- 
dung CieHiiOyN als gelbes Pulver. Der Chloroform-Extrakt wurde 
vom Chloroform befreit, der Riickstand mit 25 ml. Dioxan extra- 
hiert und daraus die obige schwefelhaltige Substanz gewonnen. Zur 
weiteren Reinigung wurde sie in verdiinntem Alkohol gelost und mit 
Aktivkohle behandelt. 

Die schwefelhaltige Substanz lost sich in Alkohol, Aceton, Chloro¬ 
form, Essigester, und Dioxan; in Wasser und Benzol ist sie unloslich. 
Durch Cystein trit1f"^naktivierung ein. Die wassrig-alkoholische 
Losung reagiert neutral. Durch Behandeln mit Alkali und Neu- 
tralisieren entsteht eine stark griin fluorcscierende Verbindung. In 
einer Konzentration von 0.06 ing./ml. in Alkohol entspricht die Sub¬ 
stanz in ihrer Wirkung auf Streptococcus aureus einer Osford-Einheit 
von Penicillin je ml. 

V. DIE SCIIWlOFELHALTIGEN AMINOSXUHEN METHIONIN, 
CYSTATHIONIN, CYSTEIN, UND CYSTIN 

Der Schwefelgehalt samtlicher pflanzlicher Proteine ist im wescnt- 
lichen auf drei schwefelhaltige Aminosauren zuriickzufuhrcn: Cystiii, 
Cystein, und Methionin. In der Familie der Aminosauren ist—der 
Reihenfolge der Entdeckung nach—das Cystin das alteste und Methi¬ 
onin das jungste Kind (Lichen). Man hat lange Zeit aus einer ver- 
standlichen Abneigung gegen die ubelriechenden niedrigmolekularcn 
fliichtigen Mercaptane die Untersuchung der aliphatischen Schwefel- 
verbindungen vernachl^sigt. Die Erforschung des durch brutale 
Hydrolysenmethoden aus naturlichen Eiweissstoffen herausge- 
schlagenen geruchlosen Cystins hatte zwar einiges Licht auf die 
Chemie der biogeiien Schwefelverbindungen geworfen. Aber erst die 
Auffindung des schwefelhaltigen Tripeptids Glutathion in Hefe durch 
F. G. Hopkins gab einen Anstoss zur intensiven Bearbeitung der Bio- 
chemie des Schwefels. Nunmehr ist es klar, dass ohne den Schwefel 
der Eiweissaufbau nicht denkbar ist, da die Verklammerung der 
Polypeptidketten nur durch Cystin zu der notwendigen Stabilitat 
fiihrt. Die Aktivitat biochemischer Wirkstoffe von Eiweissnatur 
htogt entscheidend von ihrem Cystin- bzw. Cysteingehalt ab; 
daher ist die enzymatische Umwandlung der Kohlenhydrate, Pro¬ 
teine und Lipoide abhangig von dem durch das Redoxpotential 
bestimmten Verhaltnis von HS- und SS-Gruppen (Bersin). In 
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manchen Fallen dient das Schwefelatom des Cysteins zur Befestigung 
prosthetischer Gruppen an Eiweissmolekiile, wie etwa beim Cyto- 
chrom c (Theorell). Die Umwandlung des Cysteins bzw. Cystins— 
welche iibrigens verschiedene Wege gehen kann—durch pflanzliche 
und mikrobielle Enzyme fiihrt zu Wirkstoffen, wie Penicillin, Biotin, 
und Aneurin. Leider sind weder Zwischenprodukte noch beteiligte 
Enzyme bekannt. Nicht viel besser ist es um unsere Kenntnisse 
bezuglich des Abbaus zu anorganischem Sulfid und Sulfat bestellt. 
Es miissen hier Produkte gebildet werden, deren Wirkung auf die 
Zelle wir nur vermuten konnen. So hat Hammett zeigen konnen, 
dass unter den Oxydationsprodukten der Thiole sich Inhibitoren des 
natiirlichen Wachstums befinden (vgl. Tocnnies). 

Der Thioather Methionin mit sf inem ziemlich reaktionstragen 
Schwefelatom ist von entscheidendem Wert fur die Ernahrung der 
Tierwelt, in der die Voraussetzungen fiir seine Synthese fehlen. Ohne 
diesen lebensnotwendigen Protcinbaustein ist Wachstum und Erhal- 
tung des N-Gleichgewichtos nicht moglich. Ferner hat sich das 
Methionin als Methylierungsmittel und als Muttersubstanz der im 
Stoffwechsel verschiedener niederen Pflanzen gebildeten N-freien 
Mercaptane und Disulfide erwiesen. Auch die Senfole der Kreuz- 
bliitler gehen auf diese Aminosaurc bzw. ihre Homologen zuruck. 

Tierexperi men telle Versuche unter Verwendung isotoper Schwefel- 
und Stickstoffatome haben gezeigt, dass der Schwefel des Methionins 
fiir die Synthese des Cysteins verwendet wird, wahrend das Kohlen- 
stoffskelett des Letzteren vom Serin geliefert wird. Es ist denkbar, 
dass auch im pflanzlichen Organismus sich ahnliche Vorgange ab- 
spielen. 

i.( — yMeihiomn, l( — )-a-Ammo-y-methylthiohuttersdure 
CH2SCH, 

(l)Hs 

H—i—NH, 
iooH 

F. 267-270°, [a]D = —8.1°. Helianthat des Aethylesters F. 
210.5° (Gurin und Segal). Kupfersalz (C5HioSN02)2Cu. Dissozia- 
tionskonstanten: pK'a = 9.21, pK'b = 11.72, woraus sich pH = 
5.74 fiir den isoelektrischen Punkt ergibt (synthetische D,L-Verbin- 
dung). 
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Das Methionin ist neben dem Cystin bzw. Cystein die Hauptquelle 
des Schwefelgehalts der Proteine. Da es keinen echten Eiweisstoff 
gibt, der frei von Schwefel ware, und in alien bislier gepriiften Pro- 
teinen Methionin vorkommt, kann angenommen werden, dass 
Methionin ein obligater Bestandteil von Eiweiss ist. Der durch- 
schnittliche Methioningehalt betragt 2%, das heisst 50% des Gesamt- 
schwefels bestehen durchschnittlich aus Methioninschwefel. Der 
restliche Schwefel liegt zumeist als Cystin vor. Auf Grund von 
Fiitterungsversuchen kann angenommen werden, dass das Methionin 
in quantitativer Bezldtung die wichtigste Schwefelverbindung in der 
Nahrung der Tiere und des Menschen darstellt. 

Manche Eiweisskorper enthalten sogar mehr Methionin als Cystin. 
So hat beispielsweise Lugg dig Blattproteine aus Doctylis glonierata, 
Phalaris iuberosa, Medicago saliva^ und Atriylex nummularium 
dargestellt und untersucht. Der Cystin + Cystein-Gehalt betnig 
1 .1-1.7%, der Methioningehalt 1.2-1.6% des Eiweissstickstoffes. 
Zahlreiche andere Blatteiweissproben zeigten ahnliche Zahlen. Bei 
Proteinen aus Grascrn kann die Halfte des Schwefelgehalts auf 
Methionin fallen. 

Die Proteine von Schimmelpilzen {Asp. nidulanSy Asp. oryzae, 
Geotrichum lactis, Penicillium flavo-glaucum, P. roqueforti u.a.) 
scheinen dagegen nach Skinner und Muller arm an Methionin zu sein. 
Angeblich sollen Algen iiberhaupt kein Methionin enthalten (Mazur 
und Clarke). 

Die folgende Tabelle nach Toennies unterrichtet iiber den Methio¬ 
ningehalt einiger pflanzlicher Proteine. 

Cytochrom c enthalt 3 Mol Methionin/Mol (Theorell). 

In Erbsen bestehen 0.82% des Gesamteiweissgehaltes aus Methi¬ 
onin (Mazur und Clarke). Qualitativ nachgewiesen ist das Methio¬ 
nin ausserdem in Hefe (Backerhefe 1.49%, vgl. Dent), Amandin, 
Excelsin, Legumin, Phaseolin, Vicilin, Vignin. Das Tuberin der 
Kartoffel enthalt 0.3% Methionin (Slack). 

Nach der Hydrolyse von Proteinen findet sich das Methionin 
meistens mit dem Leucin vergesellschaftet, von dem es nach Taka- 
yama und Tsuchiya auf Grund der grosseren Loslichkeit des Methi- 
onins in konzentrierter Salzsaure getrennt werden kann. Toennies 
und F. Kolb isolierten das Methionin aus Proteinhydrolysaten 
als QuecksUbersalz {[CH 3 SCH 2 CH 2 CH(NH 2 )COO-] 2 Hg) (HgCl2)4. 
Durch Starke Schwefelsaure (iiber 6 N) wird Methionin zu Homo- 
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Mkthioningehalt pflanzlicher Proteine 


_ _ ^ 

Adsuki-Bohne, a-Globulin 
Adsuki-Bohne, /3-Globulin 
Arachin (Globulin der lOrdnuss) 
Kokoanuss-Globulin.... 

Gonavalin (Jackbohno) 

Dicuccumin. 

bMestin aus Hanf ... 

Gliadin. 

Glycinin (Sojabohn(‘) 

llordenin. 

Kafirin. 

Li mabohn(‘, a-G lobu 1 i n 
Limabohno, /3-Globulin 
Monocuccumin.. . 

Sativin. 

Secalin.. . 

Sorghuinin. 

Sped tin. 

Tomat.<nisam(‘n, a-Globulin 
TomaU‘nsam('n, /3-Globulin 
Ztdn. 


Gfwamt-S 

% Mpthionin 

% von 
Geaamt-S 
als Methionin 

0.88 

2.02-2.37 

49-58 

0.40 

1.22 

66 

0.42 

0.54 

28 

1 04 

2 05 

42 

0 51 

1 81 

76 

1 20 

2.78 

50 

0 99 

2 39 

52 

0.99 

2.03 

44 

0 84 

1 .84 

47 

0.90 

2.24 

54 

(».59 

1 .61 

59 

1.15 

2.31 

43 

0.35 

0.73 

45 

1 14 

3.04 

57 

1.63 

3 93 

52 

1.26 

1 51 

26 

0.56 

1.76 

68 

1.20 

2 61 

47 

0 97 

3 14 

70 

0.79 

1 72 

47 

1 08 

2 58 

51 


c-ystin [HOOC. CH(NH 2 )CH 2 CH 2 S --]2 zersetzt, (lessen Dc^nteriuni- 
verbindiing ebenso wie das Dideuteromethionin: 

II H II 

I I I 

H ()()C—G-C—G—S C11, 

I I I 

NIL 1 ) D 

von Patterson und dii Vigneaud zu Stoffwechselversiudien syntheti- 
siert wurde. Nach Schoenheimer imd Mitarbeiterri verliert das 
Dideuteromethionin bei ein- bis mehrtagigem Kochen mit 20%iger 
Salzsaure oder Schwefelsaure—Bedingungen, wie sie bei der 
Hydrolyse von Proteinen gegeben sind—in gewohnlichem Wasser 
infolge geringer Zersetzung nur 6% seines Deuteriums. 

Die Art und Weise, wie in der lebenden Pflanzenzelle Methionin 
gebildet wird, ist bislang nicht mit Sicherheit bekannt. Nicolet hat 
Addition von Methylmercaptan an eine hypothetische Methylen- 
brenztraubensaure angenommen: 
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CH^.CH-CO COOH + CH38H -► 

CH 3 SCH 2 CH 2 COCOOH -> Methionin 

In diesem Zusammenhang sei erwahnt, dass Waelsch und Borek als 
erste beobachten konnten, dass die aus Methionin durch Nieren- oder 
Leberenzyme gebildete Ketosaure: 

CH3SCH2CH2CO. COOH 

niit heissen Sauren oder Alkalien Methylmercaptan CH3SH liefert. 
Wahrscheinlich wird^lfkher das von S. brevicaulis gebildete fliichtige 
Thiol (s.o.) aus Methionin litfer die Ketosaure entstehen. Die 
hydrolytische Spaltung der Kohlenstoff-Schwefelbindung in der Keto¬ 
saure diirfte eine Oxysaure gebCn, die unter Wasserverlust in die obige 
Methylenbrenztraubensaure iibergehen konnte. 

Von Toennies und Kolb, sowie du Vigneaud und Mitarbeitern wird 
bezuglich der Methioninsynthese die Moglichkeit erwogen, dass 
Methylgruppen des Cholins zur Methylierung des Homocysteins 
HSCH2CH2CH(NH2)C00H herangezogen werden. Das Homo- 
cystein, aus dem vielleicht durch Abbau das Cystin gebildet wird, ist 
in Form des Cystathionins inzwischen aus Proteinhydrolysaten iso- 
liert worden (s.u,). 

Andererseits ist von Barrenschcen und von Valyi-Nagy gezeigt 
worden, dass das Methionin selBst als Methylierungsmittel in der 
Pflanze dienen kann. In etiolierten Weizcnkeimlingen wird die 
Synthese von Kreatin aus Glykocyamin durch Zusatz von Methionin 
um das 6-8fachc gcsteigert : 

CH2—COOH CH2-COOH 

HN^ IlaC-N 

HN=C ->- HN=C 

H2N 

Es handelt sich um einen obligat aeroben Prozess, bei dem keine 
Zunahme von Thiolen oder Disulfiden, wohl aber von Sulfat zu 
beobachten ist. Auch Glykokoll wird in Gegenwart von Methionin 
methyliert und zwar zu Betain: 


(CH8)3N-CH2-C00- 


H2NCH2-COOH 
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Damit diirfte die Genese des Betains zum Beispiel in der Ziiekemibe 
geklart sein. 

In diesem Zusammenhang sei darauf hingewiesen, dass nach den 
Versuchen von Borsook und Dubnoff in der tierischen Leber die 
gleiche Methylierung von Glykocyamin zu Kreatin durch Methionin 
erfolgt. Synthetisches Methionin mit eingebautem radioaktivem 
Schwefel geht im Tierkorper, vermutlich iiber Homocystein, in 
Cystin iiber, in dem naeh der Isolierung das nachgewiesen werden 
konnte (Tarver und Schmidt). 

Es ist anzunehmen, dass das Methionin ausser durch Hydrolyse 
in der Pflanze auch durch Oxydation verandert wird. Bei Anaero- 
biern, denen die Katalase fehlt, kann infolge Hydrierung des Sauer- 
stoffs durch gelbe Fermente Hydroperoxyd entstehen. Es ist daher 
von Interesse, dass das Methionin von H 2 O 2 sehr leicht in Methionin- 
sulfoxyd: 

CILSOOILCILCIKNIWCOOH 

F. 241-242°, iibergeht (Toennies und KoUd, Micheel und Schmitz). 
Das Sulfoxyd setzt sich mit J.-Cystein um nach: 

(1) MSO + RSIf- > MS + RSOH (lungsam) 

(2) RSOH + RSH-> RSSR + IRQ (schnoll) 

Durch Sulfit wird das Methioninsulfoxyd glatt zu Methionin roduz- 
iert. Die Geschwindigkeit der Oxydation dun’h Hydroperoxyd 
steigt iibrigens in der Reihenfolge: Cystin, Cystein, Methionin. 

Synthesen des D,L-Methionins sind mehrfach ausgefiihrt worden, 
so 1928 von Barger und Coyne, 1930 von Windus und Marvel, 1936 
von Hill und Robson, 1946 von Goldsmith und Tishler (60% Aus- 
beute), 1947 von Catch, Cook, Graham, und Heilbron, 1948 von 
Ehrhardt. 

Nach Waelsch, Owades, Miller, und Borek wird das Wachstum von 
Lactobacillus arabinosus in Gegenwart optimaler Mengen von l(+)- 
Glutaminsaure durch D,L-Methioninsulfoxyd und D,L-S-Benzylhomo- 
cysteinsulfoxyd gehemmt; D,L-S-Homocysteinsulfon ist nur halb so 
wirksam, wie das Sulfoxyd. Unwirksam erwiesen sich D,L-Aethionin- 
sulfoxyd und -sulfon. Die Wachstumshemmung kann durch 
Erhohung der Glutaminsaurekonzentration oder Zugabe von Cystein 
bzw. HS-Glutathion, welche die Sulfoxyde reduzieren, iiberwunden 
werden. 

Erwahnenswert ist die Beobachtung von Chase und Lewis, wonach 
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nach Verfiitterung von Methionin im Harn dor weissen Ratte eine 
Verbindimg auftritt, die mit Nitroprussid und Ammoniak erst nach 
7-8 Minuten einen maximalen Farbton gibt, wahrend alle Thiol- 
verbindungen sofort reagieren. Das spricht fiir das Vorliegen des 
Homocysteinthiolactons, von dem bekannt ist, dass es in einem pH- 
abhangigen Gleichgewicht zum Homocystein steht: 


TI.,C- 

■CII(NII0 


II,C— 

1 

— CIUNII,) 

IbC\ 



H 2 C 

1 

CO 

1 

o 



IIS 

on 


Die Ringbildung ist mit oin^ V'erlust der sauren Eigenschaften 
verbunden. Moglicherweise ist das auch im Pflanzenreich zu ver- 
mutende Homocysteinthiolacton die Muttersubstanz des im Kohlen- 
teer gefundenen Thiophens: 


HC-CH 


UC CH 
\ , 

C3 


Die Rolle des Metliionins als Bakterienwuchsstoff ist noch nicht 
ganz geklart. Nachdem sieh die urspriingliche Vermutung des Ent- 
deckers des Methionins Mueller, wonach hamolytische Streptokokken 
diese Aminosaure benotigen, nicht bewahrheitet hat, wurde von dem 
gleichen Autor spater berichtet, dass die Entwicklung von Diphtherie- 
bakterien in dem Masse beschleunigt werden kann, als Methionin- 
zusatz zu der Kulturlosung erfolgt. Von Hammett ist iiber eine 
Wachstumswirkung von D,L-Methionin an der Coelenterate Obelia 
geniculata berichtet worden. 

Nach Chaix und Fromageot stimuliert das D,L-Methionin ahnlich 
wie Cystin und Glutathion den Abbau von Glucose durch Propion- 
saurebakterien. 

Nach Horowitz wurde auf Grund von Stoffwechselversuchen mit 
strahleninduzierten Mutanten von Neurospora, die zu einer Total- 
synthese von Methionin nicht fahig sind, gefunden, dass L-Cysta- 
thionin ein normales Zwischenprodukt auf dem Wege der Synthese 
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von Methionin ist. Diese verlauft augenscheinlich nach folgendem 
Schema: 

Cystein-> Cystathionin-► llomocystein-► Methionin 

Jeder dieser Schritte steht unter genetischer Kontrolle. 

In diesem Zusammenhang sei erwahnt, dass nach Lampen, Jones 
und Mitarbeitern das Wachstum einer Mutante vonE, coliy welche l- 
Methionin benotigt, von Norleucin unterdriickt wird; Methionin 
hebt diese Wachstumshemmung wieder auf. 

Wie Challenger und Charlton zeigten, vermag der holz^rerstorende 
Pilz Schizophyllum commune in Gegenwart von Glucose aus d,l- 
Methionin nur Spuren von Methylthiol oder Dimethylsulfid zu bilden. 
Dagegen spaltet S, brevicaulis D,L-Methionin glatt zu Methylthiol 
und Dimethylsulfid; mit S-Methyl-, S-Aethyl-, und S-n-Propyl- 
cystein als Substrat wurden die entsprechenden Alkylthiole und 
Alkylmethylsulfide gebildet. Bereits Akobe hatte berichtet, dass 0. 
lactis aus L-Methionin geiinge Mengen Methylthiol und Diathyl- 
sulfid (?) zu bilden vermag neben D(+)^:^-Oxy- 7 -methylthiobutter- 
saure; Bacillus subtilis dagegen desaminiert das L-Methionin zu l( —)- 
a-Oxy- 7 -mothylthiobuttersaure: 

CIIiSCHaCHiCHOH • COOH 

Der Geruch von Seetaiig ist nach Haas auf Methylsulfid (CH 3 ) 2 S 
zuruckzufuhren, das augenscheinlich durch bakterielle Zersetzung des 
Methionins dieser Pflanzen gebildet worden ist. 

\.{+)Cystein;ij{~)CyysUn. Unter den in den pflanzlichen Pro- 
teinen vorgefunderu'n schwefelhaltigen Aminosauren spielt das Cystin 
und sein Rediiktionsprodukt Cystein eine wichtige Rolle. 

L(+)-Cystein, HS-CH 2 CH(NH 2 ) COOH. F. 195-198°. Die 
freie Aminosaure gewinnt man am besten durch Zerlegung des unten 
beschriebenen Chlorhydrates mit Pyridin (Toennies und Bennett) 
oder Ammoniak in wassrig-alkoholischer Losung [q:]d = +9.69° i 
0.05°; [a]D = +7.6° ± 0.1°. Cysteinlosungen in Leitfahigkeits- 
wasser zersetzen sich beim Kochen unter Bildung von Cystin, H 2 S und 
NH3, gleichgultig ob der Vorgang in Luft oder Stickstoff verlauft. 
Ausserdem entstehen sauere Produkte, welche aus Jodwasserstoff Jod 
unter Bildung von Cystin freimachen (Cysteinsulfinsaure ?). Anders 
verlauft die Cystinzersctzung (Routh). Von Schoberl und Hornung 
ist nachgewiesen worden, dass die Zersetzung mit den folgenden bei- 
den Reaktionen beginnt: 
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(1) RSSR + HOH-> RSH + HOSR 

(2) H00C.CH(NH2)CH.2S0H-> nOOC-Cn(NH2)CHO + HzS 


HOOC-CO-CHa 

Durch Liiftsauerstoff in Gegenwart von Kiipfer- oder Eisenionen 
findet leicht eine Autoxydation zu Cystin statt; dabei bildet sich 
Hydroperoxyd. Unt^ Wasserstoff oder Leuchtgas sind die Krystalle 
gut haltbar. Cystein bildet mit S(*hwermetallen, auch solchen, die an 
Eiweiss gebunden sind, Komplexe (Warburg und Christian). In 
alkalischer Losung gibt Cystein eine sehr spezifische Farbreaktion mit 
l,2-Naphthochinon-4-sulfosaure, wodurch eine Unterscheidung von 
Glutathion moglich ist. Soweit bekannt, findet sich das Cystein 
kaum frei in pflanzlichen Saften, sondern meistens gebunden in Form 
von Peptiden oder Proteinen. 

Salpetrige Saure wird von Cystein ebenso wie von HS-Glutathion 
unter Bildung von Hydroxylamin NH 2 OH und Ammoniak NH3 
reduziert, ein Vorgang von offenbar biologischer Bedeutung, wenn 
man an den Stickstoffstoffwechsel der Pflanzen denkt (Lemoigne, 
Monguillon, und D^sveaux). Schwermetallcysteinate katalysieren 
die Oxydation von HS-Glutathion (Wagner-Jauregg und Moller). 
Mit Se 02 bildet Cystein ein instabiles Selenmercaptid Se(SR )4 (Bersin 
und Logemann), welches besonders in saurer Losung in Cystin und 
rotes Selen zerfallt (Borsook, Ellis, und Huffman; Svirbely). Analog 
reagiert auch Te 02 . Durch Behandeln von pflanzlichem Material 
mit Selenit (Lakon) erhalt man Ausscheidung von rotem Selen an 
denjenigen Stellen, wo sich Thiole und disulfidreduzierende Enzyme 
befinden; auf diese Weise kann z.B. eine Keimpriifung von Pflanzen- 
samen durchgefiihrt werden. 

Nach Schubert vereinigt sich Cystein mit Glucose bei Zimmer- 
temperatur in wassriger liisung zu einer Verbindung C 9 H 17 O 7 NS, 
F. 167° (Zers.). Auch andere Aldosen zeigen diese Reaktion. Es 
handelt sich hier um eine allgemeine Reaktion der Carbonylverbin- 
dungen mit Thiolen. Mit Aldehyden reagiert Cystein ahnlich wie 
HS-Glutathion bis zu einem Gleichgewicht (Genevois und Cayrol) 
nach: 


RSH + OCR. R':; 


±RSC(OH)HR' 
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unter Bildung von Halbmercaptalen oder im Falle des Formaldehyds 
von Thiazolidin-4-carbonsaure. Die Kondensationsverbindung von 
Cystein mit Aceton, welche sich schon unter den Bedingungen der 
Titration von Aminosauren nach Linderstr0m-Lang bildet (!), ist 
stark linksdrehend, [a]\l = —183° in Aceton (Woodward und 
Schroder): 

CHa—S CHj 

I A 

CH-NH cn, 

COOH 

Mit Keten reagiert Cystein in alkaliseher Losung unter Bildung von 
N,S-Diacetylcystein (Neubjrger). 

An Maleinsaure lagert sich Cystein an unter Bildung dor S-Cys- 
teinobernstcinsaure: 

IIOOC-CH2-CH(COOH)SCII.rCH(NH2)COOH 

F. 134-135°, [a:]D = —29.8° (Morgan und Friedmann). Fine 
derartige Addition an eine Kohlenstoffdoppelbindiing muss auch bei 
der biologischen Synthese des Cytochroms c stattfinden, denn Zeile 
und Meyer konnten durch Verseifung des Cytochroms c nebst 
anschliessender Methylierung den Tetramethylester eines Dicystein- 
protoporphyrinadduktes, C 44 H 66 N 6 S 208 'H 2 () erhalten, der auch auf 
synthetischem Wege zuganglich ist. In diesem Bruchstiick des 
Cytochroms c finden wir das urspriinglich an einer Peptidkette ver- 
ankerte Cystein addiert an die Vinylgruppc des Porphyrins: 



Zum Verstandnis der Giftwirkung organischer Halogenverbin- 
dungen (Schadlingsbekampfungsmittel usw.) muss auf die im allge- 
meinen grosse Reaktionsfahigkeit dieser Stoffe mit freiem oder 
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gebundenem Cystein hingewiesen werden. Es setzen sich mit Cys- 
tein um nach (X Halogen) 

RX 4- HSCH2 CH(NH.)C00H-> R S •CH(NH,)COOH + HX 


folgende Verbindungen (Bersin): Monojod- und Monobromessig- 
saure, Jodathylalkohol, Jodacetamid, Alkylquecksilberhalogenide, 
Chlordinitrobenzol u.a. 

Durch Cystein werden die Disulfidbriicken hochmolekularer Pro- 
teine (s.u.) reduktiv aufgespalten, so dass Zerfall in niedrigmolekulare 
Peptide eintritt (Gral^ft und The Svedberg). Diese Reaktion ist auf 
eine monomolekulare Umsetzung zuriickzufuhren, welche iiber 
folgende Stufen geht (Bersin und Steudel): 

(1) 2 RSH T—2 RS- -4- 2 H ^ 

(2) R'SSR' -f RS- :;=± RSSR' + RS^ 

(3) RSSR' -f- RS- , RSSR 4- R'S" 

(4) 2 R'S- 4- 2 H+ 2 R'SH 


Da zahlreiche Enzyme in der Disulfidform inaktiv sind und erst nach 
Reduktion zur Thiolform aktiv werden, hat sich Cystein als ein ziem- 
lich allgemeines Aktivierungsmittel erwiesen (Bersin). Aehnlich wie 
auch andere Thiolverbindungen wirkt Cystein als Aktivator auf 
folgende pflanzliche Enzyme ein: 


Alkohol(lchydra.s(‘ 

Carboxylase 

0-CAuCOHU\iiSi) 

(ilyoxalas(* 

I Ief(^pr()teinas(‘ 

Koh le nsaurcaiih yd i’as( 


Lipase 

M ilchsauredehydras(' 
Papain 

Pneumokokkenhaniolysin 
Proteinase von Cl. hislolyt. 
Weizenj^roteinase 


Enthemmend wirkt Cystein auf die durch Ascorbinsaure gehemmt(‘ 
d-h-Fructosidase (Weidenhagen und Lu). 

Infolge Proteasenaktivierung wirkt injiziertes Cystein zerstorend 
auf die durch Phytomonas tumejadens hervorgerufenen Gallen bei 
Pelargonien und Sonnenblumen (Ark). 

Cystein kann in den im allgemeinen 02 -freien Zellen durch Cyto- 
chromoxydase zu Cystin oxydiert werden (McAnally und Mitar- 
beiter). 

Zu beachten ist der von Runnstrom und Sperber erhobene Refund, 
wonach Cystein bei Backerhefe eine starke aerobe Garung hervorruft; 
augenscheinlich handelt os sich um eine Permeabilitatserhohung der 
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Zellwande infolge oxydoreduktiver Umsetzung mit deren Proteinen. 
In diesem Zusammenhang sei auf die von Califano gefundene Erho- 
hung der Glykolyse durch CoU bakterien in Gegenwart von Cystein 
hingewiesen. Aehnliches beobachteten Chaix und Fromageot bei 
Propionsaurebakterien. Naeh Mezzadroli und Vicentini hemmt 
Cystein das Wachstum und fordert die Garung der Hefe, wahrend 
Cystin eine Stimulation der Zellvermehrung bewirkt. Man sieht, 
dass Cystein und Cystin trotz ihrer nahen chemischen Verwandschaft 
biologisch ganz verschieden wirken kbnnen, was auch im tierischen 
Stoffwechsel beobachtet worden ist. 

Der Stoffwechsel des Cysteins in der Pflanze ist nur wenig unter- 
sucht worden. Da diese Aminosaure eine sehr reaktionsfahige Ver- 
bindung ist, die mit den verschiedem ‘ en Produkten des intermediaren 
Stoffwechsels (Carbonylverbindungen, Aethylenderivate) zu reagieren 
vermag, sammelt sie sich als solche in der Pflanze nicht an. Wir 
finden sie zumeist in Folge peptidatischer Synthese gebunden in den 
Peptiden und Proteinen. 

Das Dreikohlenstoffgeriist des Cysteins entstammt augenscheinlich 
der Brenztraubensaure, die in ihrer Enolform unter Addition von 
Schwefelwasserstoff und Ammoniak formal Cystein liefern kann: 

CH2:C(0H).C00II + VIS 4- Nib -^ HSCn2-CH(NH2)*C()OH -f IbO 

Diese Synthese verlauft iiber das Serin (s.u.), welche Fermente dabei 
beteiligt sind, ist jedoch nicht bekannt. Es muss auch die Moglich- 
keit erwogen werden, dass das Cystein ein Abbauprodukt des Methi- 
onins ist. Stoffwechseluntersuchungen am Tier und am Menschen 
haben jedenfalls einen Zusammenhang mit den Umsetzungen des 
Methionins aufgedeckt (Brand, Block, und Cahill). 

Es hat sich gezeigt, dass zur Erhaltung des Stickstoffgleichgewichts 
und zur Sicherung des Wachstums junger Tiere das Cystin der Nahr- 
ung vollstandig durch Methionin ersetzt werden kann. Wenn 
Ratten mit Methionin gefiittert werden, das radioaktiven Schwefel ®^S 
enthalt, so lasst sich in dem aus den Proteinen der Tiere isolierten 
Cystin das radioaktive Isotop nachweisen (Tarver und Schmidt, du 
Vigneaud und Mitarbeiter). Weitere Versuche haben gezeigt, dass 
im Tierkdrper der Prozess der Umwandlung von Methionin in Cystein 
in drei Stufen erfolgt: 

(1) Zunachst wird Methionin zu Homocystein entmethyliert: 

CH3SCH2CH2CH(NH2)C00H-> HSCH2CH2CH(NH2)C00H 

Methionin Homocystein 
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Werden die Methylgruppen des Methionins durch Deuterium mar- 
kiert, so lasst sich nach Verfiitterung eines derartigen ^^schweren’’ 
Methionins der schwere Wasserstoff in den Methylgruppen von 
Cholin, Kreatin und Kreatinin: 

HOCHaCHaNCCHaXOH Il2NC(:NH)N(CHJCH2COOH 

Choliri Kreatin 

HNC(: NfI)N(CFf3)CH2(:0 

L, _ . . -_I 

Kreatinin 

nachweiscn (du VigHfeaud und Mitarheitor). Aus diesen Versuchen 
geht hervor, dass die Methylgruppe des Methionins fiir den Aufbau 
des Cholins der Esterphosphatide eine entscheidende Rolle spielt. 
Der Vorgang wird als ‘‘Transmethylierung^^ bezeichnet. 

(2) Das gebildete Homoeystein roagiert unter Wasserabspaltung 
mit Serin, wobei Cystathionin gebildet wird: 

HO(X^CH(NiI2)(m..CH2StI + H()(UI2(^1I(NH2)(M)()I1-> 

IlO()C^ClI(Mr2)CIJ2CIl2SCll2ClI(Nll2)(X)()H 

Cystathionin 


Die Bildung dieses Thioathers wurde in Gegenwart von Schnitten aus 
Rattenleber nachgewiesen. Fur die Synthese spricht ferner ein 
Versuch, bei dem mit ‘^sehwerem^^ Stickstoff markiertes Serin an 
Ratten verfiittert wurde; das aus dem Gewebe der Ratten isolierte 
Cystin zeic^hnete sich durc.h einen hohen Gehalt an “schwerem^^ 
Stickstoff aus (Stetten). 

(5) In der letzten Stufe wird schliesslich das Cystathionin durch 
ein in der Leber nac.hgewiesenes Enzym, welches ein Metal lion 
(Zink oder Magnesium) sowie Adenosintriphosphat als Coenzym 
benotigt, zu Cystein aufgespalten: 


HOOC • C H (N H2)CH2CH2 • S • CH 2 CH (N H2)COOH 
Cystathionin 


HSCH2CH(NH2)C00H 

Cystein 


Das andere Spaltprodukt der Reaktion scheint eine phosphorylierte 
Oxyaminosaure zu sein (Binkley, Anslow, und du Vigneaud). 

Der Ersatz der Hydroxylgruppe des Serins durch die Thiolgruppe 
des Homocysteins ist schliesslich von du Vigneaud, Kilmer, Rachele, 
und Cohn in besonders iiberzeugender Weise fiir den Tierkorper 
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nachgewiesen worden. Es wurde ein Methionin synthetLsiert, welches 
einerseits durch radioaktiven Schwefel und andererseits durch iso- 
topen ''schweren” Kohlenstoff markiert war. Das aus dem Haar der 
damit gcfutterten Tiere isolierte Cystin enthielt etwa 80% des radio¬ 
aktiven Schwefels jedoch keine nennenswerten Mengen ^^schweren^•' 
Kohlenstoffs. Daher miisste also der Schwefel des Cystins aus dem 
Methionin stammen, dagegen war das Kohlenstoffskelett von dem 
Serin geliefert worden. Es ist zu hoffen, dass eines Tages mit Hilfe 
dieser modernen Methodo der Verwendung markierrer ^‘Leitatome^^ 
auch der Stoffwechsel des Cystins in der Pflanze aufgeklart werden 
wird. 

Beachtenswert ist die Fahigkeit des Cysteins analog dem Hetero- 
auxin und dem Aneurin d.ts Waclwturn von cambialem Gewebe bei 
Salix cayroea in vitro anzuregen. Vielleicht handelt es sich um eine 
spezifische Aktivierung emer Prott*olyse, bei der ein peptidartig 
gebundener Wuchsstoff freigesetzt wird. 

Es ist ferner bekannt, dass mit Aminosauregemischen, welche 
Cystein enthalten, die Keimung von Phaseolus vulgaris alhus sehr 
gefordert werden kann. 

ij-Cysteinrnonochlorhydrat, C 3 Tr 302 NS.HCl. H 2 O. Nadeln. Wird 
durch R(‘duktion von C'ystin auf katalytis(*hem Wege in Gegonwart 
von Pd mit Wasserstoff oder rnittels Zinn und Salzsaure dargestellt 
(vgl. Schoberl). Ein neueres elegantes Verfahren beruht auf der Hy- 
drierimg von Cystin rnittels metallischem Natrium in fliissigem Am- 
moniak, Abdampfen des Ammoniaks und Umkrystallisieren aus 5 N 
Salzsaure. Getro(;knet iiber Diphosphorpentoxyd bei bewdhnlichem 
Druck und Zimmertemperatur und zur Entfernung von Schwer- 
metallspuren mehrmals gut mit Aceton dunjhgeruhrt, halten sich die 
Krystalle unbegrenzt. Im Hochvakuum iiber P-^Os verliert das 
Chlorhydrat 1 Mol HjO. Die wassrige Losung zeigt ein pH von etwa 
2.1. Bei der Jodtitration erhalt man richtige Resultate—d.h. keine 
Oxydation iiber die Disulfidstufe hinaus—nur in stark salzsaurer, 
essigsaurer oder absolut alkoholischer Losung. 

Das Redoxpotential des System.s Cystein/Cystin bei pH 7.0 liegt 
bei 0.39 Volt (F. G. Fischer). Bei diesem System ist wie bei anderen 
niedermolekularen Uebertragern biologischer Oxydoreduktlonen die 
in ihrem Diffusionsvermogen begriindete Fahigkeit zur Verkniipfung 
raumlich isolierter Fermentsysteme eine der Voraussetzungen ihrer 
katalytischen Wirkung. Wegen der Schwerloslichkeit des Disulfids 
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Cystin spielt in den pflanzlichen Geweben allerdings das Stoffpaar 
Cystein/Cystin bei weitem nicht die (iberragende Rolle, wie das 
leicht wasserlosliche SH/SS-Glutathion (s.u.). 

Im Folgenden sind einige in den letzten Jahren bekannt gewordenen 
Oxydationsprodukte des Cysteins bzw. Cystins aufgefiihrt, da diese 
moglicherweise im intermediaren Stoffwechsel eine Rolle spielen. 

Cysteinsulfensdure, Sulfoxycy stein, HOOC • CH(NH 2 ) • CH 2 SOH. 
Als Sulfat mit 1 oder 2 H 2 SO 4 bei der Oxydation des Cystinperchlorats 
mit Sulfomonopersaure von Toennies in isoamylalkoholischer Losung 
erhalten. Ks zeigt ^elne saueren Eigenschaftern, sondern fungiert 
als Base. 

Cysteinsulfimdure, HOOC • CH(NH 2 )CH 2 SOOH. F. 152-153 ° 
(korr., Zers.), =+33.4^ in N HCl, +11^ in Wasser. Na- 

trium-Salz, [a]Hg = +10.9° (Lavine). Entsteht aus CVstindisulf- 
oxyd beim Stehen der wassrigen Losimg naeh: 

(1) 2 RSO SOR + H 2 O-> 2 RSOOH 4- 2 RSOH 

(2) 2 RSOH-> RSH 4- RSOOH 

Wird von Jodwasserstoff zii Cystin, also dem Disulfid, reduziert. 
Cystein reagiert mit der Cystoinsulfinsaiire nach: 

RSOOH 4- 3 RSH-► 2 RSSR + 2 H 2 O 

unter Bildung von Cystin. 

Cysteinsdure, HOOC • CH(NH 2 )CH 2 • SO+l. Durch Oxydation 
von Cystin mit Bromwasser oder mittels H 2 O 2 in Gegenwart von 
Vanadinsauresol (Ghosh und Kar). Auch ein Gemisch von konzen- 
trierter Salzsaure und der zehnfachen Menge l%iger HJO 3 (Denigfe) 
eignet sich zur Oxydation von Cystin zu Cysteinsaure. 

hi-yCystin, H00C CH(NH 2 )CH 2 SSCH 2 CH(NH2)C00H. Zer- 
setzungspunkt 258-261°. [a]D = —224°, [ajjjg = —306°. 

Krystallisiert in sechseckigen Plattehen oder seltener in langen hexa- 
gonalen Prismen (Greenstein). Loslichkeit: 1:9000 in Wasser bei 
17°, 0.045 T. in 100 T. Wasser von 70°. Die isoelektrische Zone 
liegt bei pH 3-7 (Abramson und Moyer). 

Cystin ist unloslich in Alkohol und Aether, leicht loslich in Am- 
moniak und Alkalicarbonaten, dagegen nicht in Ammoncarbonat. 
In Mineralsauren und Oxalsaure lost es sich, in Essigsaure oder Wein- 
saure nicht. Das durch 12-15-stundiges Erhitzen von L-Cystin mit 
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der 15-20-fachen Menge Salzsaure (1.124) auf 165® erhaltene d,l- 
Cystin ist in Wasser (0.006 T. in 100 T. Wasser) noch weniger loslich; 
es krystallisiert in langen, oft zu Biischeln vereinigten Nadeln wie 
Tyrosin oder in langen, schmalen Blattchen; mittels Enzymen aus 
Aspergillus niger kann die L-Komponente zerstort und nicht ganz 
reines D-Cystin gewonnen werden (Neuberg und Mayer). Beziiglich 
der Derivate sei auf Hoppe-Seyler/Thierfelder verwiesen. Das 
Lithium-Salz bildet leicht iibersattigte Losungen (Toennies und 
Lavine). Ueber die Loslichkeit des L-Cystins in Salzlosungen berich- 
teten McMeekin, Cohn, und Blanchard. Die beste Methode zur 
Darstellung des Cystins aus Rosshaar, Hornspanen, Schweineborsten, 
Menschenhaar oder Wolle ist die von Weidinger. Eine ausgiebige 
Synthese wurde von Wood und du Vigneaud beschrieben. Das zur 
Reinigung des Cystins oft benutzte Chlorhydrat wird in wassriger 
Losung leicht hydrolytisch gespalten, wobei Cystin ausfallt. 

In den folgenden Tabellen linden sich einige Angaben des Cystin- 
gehalts verschiedener pflanzlicher Materialien: 


I. C-YSTINGEHAI/r IN PfLANZBNSUBSTANZEN NACH H. BkNI.S(’HKK (1948) 



f lOsaint-N, 

Prot<*in-N, 

% 

Nicht- 

l>rotem-N, 

Cystin, 

% 

(Vstm-N, 

% 

Cystin-N 
in % vom 
(lOsamt-N, 

% 

t>bseii... 

.. 3.2f) 

2 83 

0.43 

0 15 

0 017 

0.52 

Saubohnon. 

4 2() 

3.70 

0 56 

0.09 

0 010 

0 24 

Mais.... 

1.60 

1.46 

0.14 

0.08 

0 009 

0 56 

Weizenkorn 

1.90 

1 .64 

0.26 

0.09 

0.010 

0.53 

Gerstenkorn 

1 71 

1.46 

0.25 

0.08 

0.009 

0.53 

Haferkorn. 

1.44 

1.16 

0.28 

0.12 

0 014 

0 97 

Roggenkorn. 

1.64 

1.39 

0 25 

0.06 

0.007 

0.43 

Kartoffeln. 

1.10 

0 61 

0.49 

0 04 

0.005 

0 45 

Ijuzerne.. 

2.98 

1.56 

1.42 

0.05 

0.006 

0 20 

Weizenstroh 

0.40 

0.25 

0 16 

0.04 

0.005 

1.25 

(lerstenstroh 

0.37 

0.21 

0.14 

0.12 

0.014 

3.79 

Kaferstroh. . 

0.24 

0 15 

0.10 

0 11 

0.013 

5.42 


Die Bestimmungen wurden an Hydrolysaten der extrahierten 
Globuline, Prolamine und Gluteline nach Sullivan durchgefiihrt und 
ergeben daher niedrigere Werte, als die Analysen der Gesamtsub- 
stanz der folgenden Tabelle. 
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TABELLE II 

% Cystin Autoren 


Kartoffeloiweiss 
Tuberin d. Kartoffel 
Papain 

Prolamin aus Moringa pterigosperma 

Gliadin 

Weizen 

Enzyme 

Kohlensaureanhydrase 
Pepsin, kiystallisiert 
altes gelbes Ferment 
Maiskeimling 
Maiskorn, ganz 
Erdnussglobulin 
Erbsensamenprotein 
Edestin 

Peteh-Bohnen (Parkia speoiosa) 

Glyzinin (Soja-Bohne) 

Maismehlkbrper 

Zein 

Proteinpolysaccharid aus Ricinusbohnen 

Backerhefe 

Leinensamen 

Haf(‘r 


4.4 

Konig 

2.1 

Slack 

3.2 

Kassell, Brand 

2.20 

Rau, Ranganathan 

2.18 

• Folin, Marenzi 

1.8 

Nutrition Abstracts, Block 

1.3 

Scott, Mundive 

1.4-1.5 

Sullivan, Goldberg 

0.34 

Kuhn, Desnuclle 

1.8 

Nutrition Abstracts 

1.5 

Nutrition Abstracts 

1.42 

Kotasthane, Narayana 

0.81-1.42 

Kurgatnikow 

1.18 

Stern, Beach, Macy 

1 

Van Veen 

0 74-1 46 

Csonka, Jones 

1 1 

Nutrition A bstracts 

1 0 

Nutrition Abstracts 

5.0 

Spies, Coulsoii 

0 6 

Dent 

1 9 

Block, Advances in Pro¬ 


tein Chemistry, 1945 

1.8 

Block 


Von Horn nnd Jones wurde 1940 aiis giftigem Weizen, der auf 
selenhaltigem Boden gewachsen war, ein vermutlich isomorphes 
Gemisch, Prismen vom Zers.P. 263-265°, des Cystathionins und des 
ontsprechenden Selenids isoliert: 
II00C.CH(NH2)CH2SCH.>CH2CH(NH2)C00H + 

HOOC • CH(NH0CH2 -Se • CH 2 
CH2 

CH(NH2)C00II 

VI. SCHWEFELHALTIGE PEPTIDE UND PROTIOINE 

Unter den in der Pflanze ubiquitar aufgefundenen schwefelhaltigen 
Peptiden befindet sich eines, das in Beziehung zu zahlreichen Fer- 
mentreaktionen steht: das Glutathion. Es soil gesondert besprochen 
werden. 
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Ihm gegeniiber stehen die sonstigen aus Aminosauren aufgebauten 
Peptide, welche als Wirkstoffe oder Gifte in einzelnen Pflanzen 
gebildet werdcn, bzw. deren Funktionen uns derzeit noch unbekannt 
sind: Viscotoxin, Phalloidin, Amanitin. 

Die schwefelhaltigen Proteine pflanzlicher Herkunft sind bisher 
sehr stiefmiitterlich behandelt worden. Die Virusproteine sowie der 
Kleber des Weizens seien hier herausgegriffen, weil bei ihnen, ahnlich 
wie bei den im niichsten Kapitel behandelton katalytisch wirksamen 
schwefelhaltigen Proteinen die Eigenschaften gan/ auffallig von ihrem 
Schwefelgehalt bestimmt werden. 

Zimachst sei darauf hingewiesen, dass wir heute nach Chibnall 
(1942) einen scharfen Unterschied zwischen Polypeptiden und 
Proteinen machen miissen. Polyp‘^ptide sind Ketten saureamidartig, 
verbimdener a-Aniinosauren, welche sich lediglich bei der Krystal- 
lisation zu Netzbausteinen zusammenlagern. Proteine dagegen sind 
aus einer bestimmten Zahl von Peptidketten (beim Edestin z.B. 6) 
hauptvalenzmassig aufgebaiite hohermolekulare Gebilde, in denen die 
Zusammensetzung der Peptidketten im einzelnen Molekiil vielleicht 
nicht in jedem Falle gleich zu sein braucht. Proteine sind also nicht 
besonders hochmolekulare Peptide, sondern durch Sc^hwefelbriicken 
aus Peptiden aufgebaiite hbhere Einheiten. Weiterhin sei darauf 
aufmerksam gemacht, dass Proteine unter bestimmten Bedingungen 
zu “Supermolekiilen’^ zusammentreten konnen, wie sie z.B. im 
Tabakmosaikvirus mit einem Molekulargewicht von etwa 40 Mil- 
lionen vorlicgen. Dieses Virus besteht nach Schramm aus kleinen 
Proteinbaustcinen bis herunter zum Molekulargewicht 120,000, 
welche innerhalb des Gesarntmolekiils wieder zu bestimmten Gruppen 
zusammengefasst sind. Die Festigkeit dieser Bindungen ist abge- 
stuft, so (lass etwa unter der Wirkung von Hydroxylionen zunachst die 
grosseren Verbande von einander getrennt werden und diese schliess- 
lich weiter zerfallen. 

Zwischen den Ketten der Polypeptide in den Proteinen bestehen 
Querverbindungen (Sprossen, Roste). An der Ausbildung dieser 
Briickenbindungen ist das Cystin mit seiner —S—S—Gruppe be- 
teiligt, indem es gleichzeitig zwei Peptidketten angehort. Diese 
Querverbindungen konnen hydrolytisch, oxydativ oder reduktiv 
(vgl. Cystin) gespalten werden, wobei ein Zerfall zu Peptiden eintritt. 
Ferner bestehen neben Wasserstoffbindungen auch salzartige lonen- 
beziehungen zwischen den basischen Gruppen der Diaminosauren 
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imd raumlich giinstig golegenen Carboxylgruppen der Dicarbon- 
sauren. 

Die Hydrolyse von krystallisierten Proteinen einheitlicher Zusam- 
mensetzung iind die quantitative Bestimmimg der Aminosauren ist 
in den letzten Jahren so weit vervollkommnet worden, dass die 
Aufstellung empirischer Fornmeln, welche naturlich nichts iiber die 
Reihenfolge der Bausteine aussagen, moglich ist (Brand, Saidel, Gold- 
water, Kassell, und Ryan). 

Beispielsweiss hat das krystallisierte /9-Lactoglobulin von der 
Summenformel Ci 864 HilhN 468 S 2 iOB 76 folgende empirische Zusammen- 
setzung (die Aminosauren werden durch die zwci oder drei ersten 
Buchstaben symbolisiert): 

GlygAla29Val2iLeu6oIsoleucin27Proi6Plffe9CySH4(CyS—)8Met9Try9- 

Arg7His4Lys33Asp36Glu24(Glu— NH2)32Ser2oThr2iTyr6(H20)4 

Eine Zusammenstellung der natiirlichen Aminosauren in iibersicht- 
licher Tabellenform hat Toennies durchgefiihrt. 

Die verschiedenen Testsubstanzen zur spezifischen Losung der drei 
Arten von Querverbindungen zwischen den Peptidketten in Proteinen 
seien hier ebenfalls tabellarisch dargestellt (vgl. Zahn): 


Bindung Massgebende Gruppo TtJstaubstanr. 

Disulfidbriicken (^stin Heduktion: Thiolp, (^anid, 

Sulfit 

Hydrolyse: Alkali(;n 
Oxydation: Persauren 

Wasserstoffhrlicken (a) Hauptkette: Peptidgrup- Phenole, Formamid, Wasser 
pen 

(b) Seitenkettcni: Oxy- und 
Saureamidgruppon 

Salzbriicken Diaminomonocarbonsauren, Wasserstoff- und Hydroxyl- 

Monoaminodicarbon- ionon (Faltung und Ent- 

siiuren faltung der Peptidketten 

durch pH-Aenderung) 


Aus der Peptidkette herausragende Cysteinylreste sind die Ursache 
fiir das Auftreten der sogenannten “fixen^^ HS-Gruppen. Disulfid- 
und Thiolgruppen kdnnen sich unter geeigneten Bedingungen intra- 
oder intermolekular durch Oxydoreduktion umsetzen, wodurch neue 
Kettenanordnungen, Aggregationen, und Desaggregationen eintreten 
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konnen, welche mit eiiier Aeiidorurig der physikalisch-chemischen 
Eigenschaften der Proteine vorhiindeii sind. Dio Disulfidbindungen 
von Polypeptiden urid Piotoinen werden in Abhangigkeit von benach- 
barten Substituent on mit zunehmender Temperatur schon durch 
Wasser nach: 

RSwSR -h HOH-► RSH + HOSR 

gespalten (Schoberrsohe Reaktion). Oberhalb pH = 10 kann schon 
eine Hydrolyse bei Zimmertemperatiir stattfinden. Bei der Denatur- 
ierung von Proteinen (lurch Hitze, vSauren, Alkalien, Alkohol, Harn- 
stoff, Guanidiniumsalze, Salicylat, und Ultraviolettbestrahlung 
konnen HS“Grupp(»n iiachvveisbar werden, die ini nativen Molekiil 
entweder maskiert warcn odor fehlteii. Hochmolekulare Thiolpro- 
teine gehen dur(‘h Behandhmg rnit niedrigmolekularen Disulfiden in 
hochmolekulare Disulfide fiber; aber auch der umgekehrte Vorgang 
kann eintreten; beide Reaktionen lassen sich quantitativ vorfolgen. 

Dio reaktionsfreudige HS-Gruppe dor Thiolproteine bildet (/) 
Meroaptide mit Schwermetallsalzen, wird {£) durch Oxydationsmittel 
in die Disulfid-, Sulfoxyd-, Sulfon- und Sulfosaun^gruppe verwandelt, 
bildet (8) Thioathor durch Anlagorung an aktivo CC und CO- 
Doppelbindungon oder Umsetzungen mit Verbindungen, wie Mono- 
jodacetat und Joda('etamid, die ein aktives Halogen enthalten. 
Durch derartige Reaktionen konnen Nachbargruppen im Molekfil in 
ihrer Reaktionsfahigkoit veriindert werden, was z.B. in einer Aender- 
ung der katalytischen Aklivitat zum Austruck kommcm kann. 

Im Hinblick auf die nachgewiesene Bildung von Sulfit im inter- 
mediaren Stoffwochsel des Schwefels in dor Pflanze sei auf die reduk- 
tive Aufspaltung der Disulfidsprossen in Proteinen hiiigewiesen. Es 
entstehen dabei Thiol- und Thiosulfosauregruppon: 

R-CIb S S C^.Hs R' -h nsor -► RCHaSH + -OSO 2 SCH 2 R' 

Der Charakter der entstehenden Spaltprodukte hangt ab von der Art 
und Zahl der polaren bzw. unpolaren Seitenketten (Bindley und 
Phillips). So reagiert Cystinyldiglycin schneller als Cystin. 

Bemerkenswert ist auch die Aenderung der Reaktionsfahigkeit 
von Saureamidgruppen in Nachbarschaft zum Cystein bzw. Cystin. 
Von Harington und Rivers konnte gezeigt werden, dass Dipeptide aus 
Tyrosin und Cystein bzw. Cystin von krystallisiertem Pepsin gespal¬ 
ten werden, und zwar wird das cysteinhaltige Peptid besser gespalten, 
als sein Oxydationsprodukt. Diese Beobachtung erklart die schon 
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bekannte Tatsache, wonach denaturierte Proteine, welche im Gegen- 
satz zu den nativen Thiolgruppen aufweisen, von Pepsin besser ange- 
griffen werden. Wahrscheinlich greift das Pepsin die Cystein- 
Tyrosin-Bindung in Proteinen unter Freilegnng von Tyrosin an. 

Die bekannte Hemmung der Sakagiichi-Reaktion in Guanidyl- 
proteinen ist auf eine Beeinflussung der Reaktionsfahigkeit der 
Guanidinogruppen durch benachbarte Thiol- und Disiilfidgriippen 
zuriickzufiihren (Roche und Mourgue). 

Es ist damit zu rechnen, dass die Disulfidsprossen der Proteine bei 
der Wirkung von ultlftivioletter Strahlung auf Eiweisskbrper eine 
Rolle spielen. Alle Eiweisskbrper weisen eine inehr oder weniger 
hohe UV-Empfindlichkeit auf, vor allem in Lbsung. Wird eine 
kolloidale Proteinlbsung der UV-Strahlung ausgesetzt, so zeigt sie 
nach einer gewissen Zeit merkliche Triibung, der eine Ausflockung des 
koagulierten Proteins aus der Lbsung folgt. Man unterscheidet drei 
Stadien der Strahlenreaktion des Eiweisses: (i) Denaturierung des 
Proteinmolekiils nach Massgabe der Absorptionskurve, wobei die 
hydrolytische Bildung von Thiolgruppen mit nachfolgender Zersetz- 
ung der daneben entstandenen HOS-Gruppen (vgl. Bersin) untfu^ 
Schwefelwasserstoffentwi(;klung bedeutsam erscheint; (^) Koagula- 
tion des unter Entfaltung denaturierten Eiweissmolekiils, die in 
Wechselwirkung mit dein Lbsungsmittel stattfindet; und (S) Aus¬ 
flockung des koagulierten Proteins, bei der ebenfalls das Lbsungs¬ 
mittel eine gewisse Rolle mitspielt. Der Koagulationsvorgang ver- 
lauft welleiifbrmig und weist eine je nach der aiifgewandten Dosis 
mehr oder weniger grosse Latenzzeit auf. Die Denaturierung des 
Eiweisses ist im Gegensatz zu dem Koagulationsvorgang temperatur- 
unabhangig. p]s handelt sich dabei um einen echten photochemi- 
schen Prozess (Rajewski). Vermutlich ist die Wirkung radioaktiver 
Strahlung in ahnlicher Weise aufzufassen. Die Strahlungsempfind- 
lichkeit der Proteine ist die Ursache der Empfindlichkeit von Bak- 
terien und anderen Einzellern gegeniiber der UV-Strahlung. 

A, Schwefelhaltige Polypeptide 

Glutathion. Das Tripeptid Glutathion gehbrt zu denjenigen 
schwefelhaltigen Verbindungen in der Pflanze, die dank ihrer grossen 
Reaktionsfahigkeit erst spat isoliert und untersucht werden konnten. 
Man war schon lange auf der Suche nach Stoffen, die unmittelbar mit 
dem Sauerstoff der Luft unter sogenannten “physiologischen” 
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Bedingungen reagieren. Als erster hat de Rey-Pailhade 1888 beo- 
bachtet, dass diejenigen Gewebe, die am meisten Sauerstoff absorbie- 
ren, auch in besonderem Masse befahigt sind, mit elementarem 
Schwefel bei Zimmertemperatur unter Bildung von Schwefelwasser- 
stoff zu reagieren. Er vermutete daher, dass u.a. zum Beispiel in der 
Bierhefe ein Stoff, Philothion, enthalten ist, der als Wasserstoff- oder 
wie wir heute sagen wiirden, als Elektroneniibertrager eine wesent- 
liche Rolle bei der Gewebsatmung spielt. Spater hat dann Heffter 
gezeigt, dass vide monosubstituierte Abkbmmlinge des Schwefel- 
wasserstoffs, wie etwa das Cystein, als Redoxsysteme des Gewebcs 
fungieren kbnnen. 

Es ist eine der wichtigsten l<]rkenntnisse der modernen Enzym- 
forsc.hung, dass sowohl Redoxasen. als auch verschiedene Hydrolasen 
Systeme von Redoxkatalysatoren init abgestuftem Potential und 
individueller Reaktionsfahigkeit darstellen (Bersin). Ebenso wie die 
optimale SauresUife ist daher auch das optimale Redoxpotential eine 
zur Charakterisierung vieler Enzyme unerlassliche Grosse. 

Beim Zusammentreffeii zweier Redoxsysteme findet. unter Voraus- 
setzung einer geniigend grossen Reaktionsgeschwindigkeit ein Elek- 
tronen-, eventuell auch Protonenaustaiisc.h statt. Diesen Vorgang 
bezeichnen wir als Oxydoreduktion. 

Betrachtet man beispielsweise die Umsetzung zwischen Eisen-(3)- 
und Titan-(3)-ionen in saurer Losung nach: 

Fe + + + xi + + +-> Fe + + + Ti + + + + 


so lasst sich unschwer erkennen, dass hierbei nicht positive Ladungen 
gewandert sind, sondern dass ein Elektron vom Titan-(3)-ion auf 
das Eisenion iibertragen worden ist. Im Gefolge dieser Reaktion 
ist dreiwertiges Titan zum vierwertigen oxydiert worden und es hat 
eine Reduktion des dreiwertigen p]isens zum zweiwertigen statt- 
gefunden. Man kann beide Losungen in getrennten Gefassen einmal 
leitend durch eine elektrolythaltige Briicke, zum anderen mittels 
unangreifbarer Elektroden iiber einen Stromanzeiger verbinden. 
Man beobachtet in solch einem Falle das Auftreten eines elektrischen 
Stromes mit einem charakteristischen Potential. Nun ist es prin- 
zipiell nicht moglich, absolut reines Titan-(3)-salz bzw. Eisen-(3)-salz 
herzustellen. Daher benutzt man in der Praxis zur Messung der 
Redoxpotentiale Losungen, die je 50% der oxydierten und reduzierten 
Form des jeweiligen Reaktionsteilnehmers enthalten. Die Losungen 
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solcher Redoxsysteme lassen sich leicht herstellen, imd das erhalteno 
Potential unterliegt kaum merklichen Schwankungen. Das Redox- 
potential ist abhangig von der Wasserstoffionenkonzentration und der 
Temperatur. Als Bezugssystem gilt die Platin-Wasserstoff-Elek- 
trode. 

Nun ist ofters die Potentialdifferenz zwischen zwei koexistierenden 
biologischen Redoxsystemen vorhanden, allein es findet doch kein 
Elektronenaustausch statt, da die Reaktionsgeschwindigkeit zu klein 
ist. So wird reines Cystein von Sauerstoff kaum oxydiert (Warburg). 
Schaltet man aber em^ geeigneten Redox k at aly sat or als Elektronen- 
iibertrager dazwischen—beispielsweise das System Kupfer-(1)/Kupfer- 
(2) mit dazwischen liegendem Potential —so findet eine ausserordent- 
liche Reaktionsbeschleunigimg„. statt, mit andern Worten: Kiipfer- 
ionen katalysieren die Autoxydation des Cysteins. 

Genau wie das Kupfersystem wirken auch die verschiedensten 
biologischen Katalysatoren der Oxydoreduktion, die Redoxasen. 
Nur dass hier nicht nur ein reversibles Redoxsystem, sondern fast 
immer eine ganze Kette zur Unterteilung der freiwerdenden Energie 
zwischen dem Reduktionsmittel und dern Oxydationsmittel einge- 
schaltet zu sein pflegt. Das negativste reversible Redoxsystem mit 
kleinster ^‘Beschwerung” (wie man in Analogic zur Puffemng die 
Moglichkeit zur Einschranking der Potentialsehwankungen bezeich- 
net) bestimmt dann in einem abgeschlossenen Raum (Zelle, Leitungs- 
bahnen) das Potential. 

Von der Negativitat des Potentials in der Zelle, im Gewebe oder im 
Organ htogt das Optimum des intermediaren Stoffwechsels ab. In 
beschr^ktem Masse konnen niedrigmolekulare Hilfskatalysatoren, 
wie Ascorbinsaure oder das Glutathion eine durch Mangel entstan- 
dene Positiviemng des Redoxpotentials riiekgangig machen. Der 
intermediare Stoffwcchsel ist aber ohne eine geniigende Konzentra- 
tion der ihn in Gang haltenden Enzyme nicht denkbar. Eine genaue 
Kenntnis der Redoxpotentiale der Thiol-Disulfid-Systeme von der 
Art des Glutathions (vgl. Preisler und Berger) verdanken wir erst 
neueren Arbeiten. 

Das Studium der Bedeutung der Thiol-Disulfid-Systeme fur die 
Aktivitat biochemischer Wirkstoffe (Bersin) hat die Abhtogigkeit 
auch der Hydrolasen vom Redoxpotential aufgedeckt. Esterasen, 
Carbohydrasen, und Proteasen erwiesen sich in ihrer Aktivitat 
gebunden an ziemlich enge Grenzen des Redoxpotentials. Es ist 
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daher verstandlich, dass der Fett-, Kohlenhydrat- und Proiein- 
umsatz an die Konzentration der reversiblcn Redoxsysteme kataly- 
tischen Charakters in den Zellen der verschiedenen Pflanzen gebunden 
ist. Eine Negativierung beschleunigt im allgemeinen die Hydrolyse, 
eine Positivierung die Synthese. Bei Sauerstoffmangel gehen Abbau- 
prozesse leichter vor sich als bei Luftzutritt. 

Die Umsetzung zweier Thiol-Disulfid-Systeme nach: 

RSH/RSSR + R'SH/R'SSR'-► RSII/RSSR + RVSH/R'SSR' 

viel weniK weniK viel wenif? v>l viol wenig 

gehorchen dem Massenwirkungsgesetz. Ist also die Konzentration 
eines niedrigmolekiilaren Thiols, z.B. Gliitathion, vvesentlich grosser, 
als die eines hochmolekularen Disulfids, z.B. eines Proteins, so findet 
eine Rednktion des Letzleren im rntgegengesetzten Falle eine Oxyda- 
tion des Ersteren statt. Binet nnd Weller haben mit Recht darauf 
hingewiesen, dass man mit giitem Griind im allgemeinen innerhalb 
einer lebenden Zelle eine gegeniiber den ^^fixen^' Disulfid-Gruppen 
grdssere Konzentration des reduzierten Glutathions anzunehmen hat. 
Die bemerkenswerte Zahigkeit, mit der die lebende Pflanze ihre 
Ghitathionreserven festhalt nnd der p]influss von Gliitathion anf die 
an ein bestimmtes Redoxpotential gebundene Riehtung der enzyma- 
tisehen Aktivitat lassen vermiiten, dass diesem Tripeptid eine be- 
stimmtc Rolle bei den assimilatorischen und dissimilatorischen 
Vorgangen zukommt, etwa bei der Nitratreduktion (Mothes). 

Seit den 1921 einsetzenden Untersuehungen von I". G. Hopkins 
wissen wir, dass das alto Philothion von de Rey-Pailhade mit dem 
Glutathion identisch ist. Nicht das Cystein (Bolomey, Maloeuf), 
sondern das Glutathion ist der die positive Nitroprussid-Reaktion 
verursaehcnde niedrigmolekulare Bestandteil der meisten lebenden 
Zellen. 

Dieses Tripeptid aus Cystein, Glutaminsaure und Glykokoll 
konnte aus Weizenkeimlingen, der Hefe, der Frucht der Carica 
papaya und anderem Material isoliert werden. Es erwies sich als ein 
Stoff, der die Aktivitat zahlreicher Enzyme zu beeinflussen vermag. 
Aus diesem Grunde hat das Glutathion auch mit dazu beigetragen, 
viele Erfolge beziiglich der materiellen Zusammensetzung der aktiven 
und aktivierenden Gruppen in den Enzymen, deren Empfindlichkeit 
und komplizierter Ban die Anwendung der iiblichen Methoden der 
organischen Chemie verbot, zu erzielen. Ob die HS-(Thiol-, Mer- 
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capto-, Sulfhydryl-)Gruppe des Glutathions allerdings am Atmungs- 
stoffwechsel direkt teilnimmt, wie die alteren Untersucher annahmen, 
ist sehr unwahrscheinlich. Wichtig fiir die Pflanzenphysiologie ist 
die Tatsache, dass das HS-Glutaihion die Dehydroascorbinsaure zu 
Ascorbinsaure zu reduzieren vermag, denn das Vitamin C ist ein 
wesentlicher Hilfskaialysator vieler pflanzlieher Gevvebe. 

Die Bedeutung des Glutathions fiir die Funktion pfianzliclier 
Enzyme geht aus folgender Zusammenstellung hervor: 

(1) Aktivierung der spaltenden Wirkung von Hydrolasen (Papain, 
Ficin, Bromelin, Urease, Ricimislipase, saure Phosphatase, Cholin¬ 
esterase) infolge Freit^ung aktivierender Thiolgruppen im Enzym- 
molekiil. 

(2) Aktivierung infolge geeigneter Umwandlung des Substrates 
(Bildung eines Mercaptals aus Methylglyoxal und HS-Glutathion als 
Substrat der Methylglyoxalase). 

(3) Aktivierung infolge Beteiligimg als Zwischenkatalysator am 
Elektronentransport bei der phytochemischen Schwefel- und Nitrai- 
reduktion. 

(4) Enthemmung enzymatischer Reaktioiien (lurch Beseitigung 
hemmender S(;hwermetallionen mittels Komplexbildung (Reakti- 
vierung der durch Kupferioncm vergifteten Alkoholdehydraso, der 
durch Quecksilberionen vergifteten Urease usw.). 

(5) Inaktivierung durch Abspaltung von Schwermetall aus der 
Wirkungsgruppe von Enzymmolekiilen (komplexe Bindung des 
Zinkions der Zymohexase). 

(6) Schutzwirkung infolge bevorzugter Reaktion mit Enzymgiften 
(Schutz der |3-h-Fructosidase, der a-Glu(;osidase, der a- und (3- 
Amylase vor der oxydativen Hemmung durch Dehydroascorbinsaure). 

(7) Inaktivierung infolge Aufspaltung essentiellei Disulfidgruppen 
im Enzymmolekiil (Dipeptidase, Trypsin, Chymotrypsin). 

Das Glutathion kommt in einer reduzierten (GSH) und in einer 
oxydierten Form (GSSG) vor. Beide bilden zusammen das Redox- 
system Glutathion. 

HS-Glutaihion, 

HOOC • CH (NH2)CH2CH2C0NH • CH(CHiSH )CONH • CH 2 • COOH 

F. 189-193°, [ajJJei = —21.0° in Wasser. Bildet orthorombische 
Prismen. Ist leicht loslich in Wasser, unloslich in absolutem Alkohol, 
loslich in wasserhaltigem Alkohol, Aceton oder Pyridin. Die far- 
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blose wassrige Losung reagiert saner und zeigt einen schwachen char- 
akteristischen Geruch. 

Die Darstellung erfolgt aus Hefe (Schering A.G.) oder Weizen- 
keimlingen (Sullivan und Howe). Hingewiesen sei auf die von Ha- 
rington und Mead, sowie du Vigneaud und Miller durchgefiihrte 
Synthese, durch die endgiiltig die auf analytischem Wcge von Grass- 
mann ermittelte Konstitution bewiesen wurde. 

SS-Glutathion C 20 H 32 O 12 N 6 S 2 , fal^gi = -lOS"". Das Disulfid- 
glutathion oder oxydierte Glutathion entsteht aus dem HS-Gluta- 
thion durch Einwirkung verschiedener Redoxsysteine positiveren 
Potentials. Das Redoxpotontial des Glutathions betriigt E'o = 
+0.068 Volt. Persulfate, Persauren, Hydroperoxyd, Jod, Eisen-(3) 
salze und Saiierstoff in Gegenwart von Eisensalzen sind die gebraueh- 
lichsten Oxydationsmittei. Von Schoberl, Hornung, und Schaper 
stammt ein brauchbares Darstcllungsverfahron dor ziomlich labilen 
Verbindung. 

Das Glutathion ist in Pflanzenteilen oft nachgewiesen worden. In 
Hefe ist der Gehalt verbaltnismassig hoch: 221 mg% in frischer 
Backerhefe, 490-516 ing% in bei 100° getro(;kneter Biorh(4e und 600- 
1000 mg% in getro(;kneter Hefe in Abhangigkeit von der Rasse u.den 
Zuchtungsbedingungen. Nachgewiesen wurde das Glutathion in 
Bacillus alcaligeneSf B. proieus, B. pyocijaneusj B, prodigiosus, B. 
Jlnorescens. Seine Gegenwart ist wahrscheinlich bei niederen {Pythri- 
mim) und hoheren Pilzen (SaccharomycoideSj Vadsonia), Algen 
(Fucus) und bei Scliachtelhalmen {Equisetum). 

In hoheren Pflanzen ist das Glutathion von Kozlowski nachgewiesen 
worden. Die frische Erbse {Pisum sativum) enthalt wechselnde 
Mengen, in der trocknen ist es nicht nachweisbar; wohl aber bildet es 
sich sofort nach der Keimung. In verscdiiedenen Partien von Pelar¬ 
gonium, der Stangenbohne, Mohn, Ahorn, Lowenmaul, Sonnenblume, 
Spargel, Radieschen, Lattich, Puffbohne, Punica, Polygonatum, 
Stellaria, Iris, Elodea, Geranium, Viola, Primida, Cheiranthus, Lilium 
u.a. ist seine Anwesenheit sehr wahrscheinlich. Beim Reifen griiner 
Tomaten in Aethylenatmosphare beobachtet man ein Absinken des 
Glutathiongehaltes. Interessant ist die Beobachtung, dass der 
Glutathiongehalt der Kartoffelknolle beim Lagern nicht wesentlich 
abnimmt, im Gegensatz zum Gehalt an Ascorbinsaure. Durch 
Behandlung mit Aethylenchlorhydrin wird sogar eine Synthese auf 
Kosten des Sulfatschwefels induziert (Guthrie). Es scheint jedoch 
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sehr auf die Art der Lagerung anzukommen, denn Pett fand bei 5, 10, 
oder 15® zimachst einen ziemlich raschen Verlust, worauf nach 20-30 
Tagen die Abnahme wesentlieh langsamer wird. Beim Keimen wurde 
eine anftogliche Zunahme, sodann eine erhebliche Abnahme beobach- 
tet. 

Der Pressaft gesunder Kartoffeln enthalt 2-5 mg% reduziertes 
Glutathion (Pfankuch). 

Von Fiedler wurde beobachtet, dass HS-Glutathion in Konzen- 
trationen unter 0.1 g. pro Liter stimulierend auf das Wurzelwachstum 
von Mais wirkt und allem die Bildung von Seitenwurzeln fordert. 

Schliesslich sei noch auf die chemischen Eigensehaften des Gluta- 
thions etwas eingegangen. Das HS-Glutathion reagiert selbst in 
reinstem Zustand zum Unterschied vom Cystein mit Sauerstoff unter 
Bildung von SS-Glutathion und Hydroperoxyd. Die Geschwindig- 
keit der Autoxydation in wassriger Losung ist stark temperatur- und 
pH-abhangig: beiderseits des Optimums bei pH 7.4 fallt sie ab, um 
bei pH 4.0 auf der sauren Seite auf Null zu sinken; in alkalischer 
Losung findet eine langsame Zersetzung statt. Katalysatoren (Cu-, 
Fe-, Se-, Te-, Co-Verbindungen) beschleunigon oder verlangsamen 
(Ag-, Zn-, Cd-, Bi-, Ti-Verbindungen) in neutraler oder alkalischer 
Losung sowohl die Autoxydation, als auch die Oxydoreduktion mit 
anderen Redoxsystemen, wie Methylenblau und Indigocarmin (pH 
7.4). Auch Metalle in massiver oder fein verteilter Form konnen die 
Autoxydation von Glutathionlosungen beschleunigen; infolge der 
Bildung von Hydroperoxyd bei der Sauerstoffoxydation des HS- 
Glutathions findet ein Angriff der Metalloberflache unter lonen- 
bildung statt und diese lonen sind die Ursache mannigfaltiger 
“oligodynamischer’’ Wirkungen (Bersin). Cyanid verhindert die 
aktivierende Wirkung von Kupfer- und Eisensalzen, Pyrophosphat 
nur diejenige der Eisensalze auf die Autoxydation des HS-Glutathions. 
Bei vielen Autoxydationsversuchen ist nicht geniigend auf die 
Moglichkeit eines hydrolytischen Zerfalls des Glutathions und damit 
die Bildung mit anderer Geschwindigkeit reagierender Stoffe geachtet 
worden. Es ist namlich bekannt, dass HS-Glutathion schon bei 37® 
in wtoriger Losung, noch schneller beim Kochen, unter Bildung von 
Glutaminsaure und Cysteinylglykokoll hydrolysiert wird; die erstere 
Verbindung kann sich leicht zu Pyrrolidoncarbonsaure cyclisieren und 
aus der zweiten entsteht fiber das entsprechende Diketopiperazin 
unter Schwefelwasserstoff-Entwicklung eine Reihe noch nicht 
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identifizierter Zersetzungsprodukte. Die Eisenverbindung des 
Glutathions addiert im Gegensatz ziir Eisen-(2)-verbindiing des 
Cyf^teins kein Kohlenoxyd, wohl aber die Nickelverbindung; die 
Letztere ist aber nicht durch Licht spaltbar, wahrend Eisen-( 2 )- 
Kohlenoxyd-Cysteinat von Licht zerlegt wird. Von Warburg ist 
allerdings eine Kohlenoxyd verbindung des Eisen-(2)-glutathions 
beschrieben worden. 

Carboxypeptidase spaltet aus dem Glutathion Glykokoll ab. Aus 
der sauren wassrigen Losung wird Glutathion von Aluminium- 
hydroxyd sowie Tierkohle leicht adsorbiert, wobei in letzterem Falle 
teilweise Oxydation eintritt. Durch und 7 -Strahlen des Radiums, 
Rontgenstrahlen, noch intensiver jedoch durch ultraviolettes Licht 
wird HS~Glutathion hydrolytisch i:nd oxydativ zersetzt. 

Das wenig Idsliche Kupfer-(l)-salz oder auch das Calciumsalz 
werden zur Reinigung des Glutathions verwandt. 

Mit Dehydroascorbinsaure bildet HS-Glutathion einen Komplex 
1:1 (Drake, Smythe, und King). Nach Lemoigne, Monguillon, und 
D^sveaux wird salpetrige Saurc von G 8 H zu Hydroxylamin und 
Ammoniak reduziert. Dem Vorgang kommt offenbar grosse bi- 
ologische Bedcutung bei der Stickstoffassimilation zu. 

Phalloidin. Im giftigen Knollenblatterschwamm (Amanita phalr 
loides) entdecktcn Wieland und Witkop ein schwefelhaltiges 
Hexapeptid C 30 H 39 O 9 N 7 S, [a]o = -f-63.3° (in Alkohol). 220 kg. 
Pilze lieferten 5,9 g. reines Phalloidin, wie das Peptid benannt wurde. 
Als Hydrolysenprodukte liessen sich 4 Aminosauren isolieren: l- 
Cystin, L-Alanin, L-Oxytryptophan, und L-Oxyprolin b. 

Oil 

I 

H C—OIL 

I H..I 

HsC ^C-COOH 

mi 

,L-Oxyprolin b 

Die Entdecker nehmen an, dass der Giftstoff Phalloidin aus 1 Mol 1- 
Oxytryptophan + 1 Mol Cystein + 2 Mol /-Oxyprolin b + 2 Mol 
Alanin —6 H 2 O besteht. Die Giftwirkung ist augenscheinlich im 
eigenartig gebauten Peptidsystem zu suchen. Auf Grund der 
Ueberlegungen von Meusel und Orzechowski, wonach die Vergiftungs- 
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erscheinungen nach Phalloidin auf Adsorption und Umladung der 
Zellmembranen zuriickzufuhren sind, kann angenommen werden, 
dass dieses Peptid auch bei dem erzeugenden Pilz eine fiir den Stoff- 
aiistausch giinstige Permeabilitatswirkung besitzt. Ganz allgemein 
ware daher die Arbeitshypothese diskutierbar, wonach Alkaloide und 
ahnliche pfianzliche GiftstofTe, wie Ricin, Abrin, Crotin, Robin u.a., 
keineswegs Abfallprodukte des pflanzlichen Stoffwechsels sind, son- 
dern spezifische Grenzflachenveranderungen bewirken, welehe einen 
besonderen Selektionswert besitzeii. 

Amanitin. Das Hawplgift des Knollenblatterpilzes, das Amanitin, 
C 39 H 450 ] 2 N 7 S, F. 245°(Zers.), konnte seiner Zusammensetzung naeh 
l)isher nicht vollig geklart werden (Wieland und Lynen); es enthalt, 
jederifalls ein Indolderivat. Die Giftwirkung beider Peptide ist als 
fermentative Storung gedeutet worden (Krause); die Verdrangung 
des Tragerproteins eines wichtigen Zellenzyms von der Wirkgruppe 
durch derartige Peptide liegt im Bereich des Moglichen. 

Viscotoxin. Unter den Inlialtsstoffen der Mistel, Viscum album, 
fand nach Vorversuchen von Jarisch, der auf der Suche nach einem 
gewebsnekrotisierenden Bestandteil war, Winterfeld mit Bijl ein 
schwefelhaltiges Peptid, dem der Name Viscotoxin gogeben wurde. 
Aus 1 kg. Mistelpulver wurd(*n durchschnittlich 0.5-1 g. einer Ver- 
bindung C 34 H 68 O 18 N 10 S, R(*ineckat Zers.P. 263-266°, Pikrat Zers.P 
198-200° gewonnen. Der isolierte Wirkstoff ist von weisslicher 
Farbe und pulveriger Beschaffenheit. Er ist in Wasser und Methanol 
spielend leicht loslich. Die hellbraun-gelb gefarbte wassrige Losung 
besitzt schwach saure Reaktion und schaumt stark. Die dosis letalis 
bei der Ratte liegt bei 1.2 mg./kg. Die kolloiden Eigenschaften der 
wassrigen Losung, die Aussalzbarkeit durch Ammonsulfat und die 
positive Biuret-, Xanthoprotein-, Millon-, und Schwefelbleireaktion 
sprechen fiir das Vorliegen eines Peptids. Die Siiurespaltung lieferte 
eine Zunahme von formoltitrierbarem StickstoflF. Bei der Selende- 
hydrierung treten Pyridinabkommlinge auf; die Fichtenspanreaktion 
ist positiv. Ein Bestandteil des Molekiils muss phenolischen Char- 
akter haben. Wegen seiner bemerkenswerten Eigenschaft, Ge- 
schwiilste zum Zerfall zu bringen, ware eine baldige Aufklarung der 
Struktur des Viscotoxins sehr erwlinscht. 

Winterfeld und Rink haben (1949) auf Grund der Untersuchung 
eines saueren Hydrolysats des Viscotoxins dieser Verbindung folgende 
Konstitution zugesprochen: 
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H OR H OR 



R = Peptidkette aus 1 Cystciii-, 1 Serin- und 2 Argininresten 
R' = Glucuronylrest 


B. Schwcfelhaltige Proteine 

Nicht enzymatisch wirksame Phytoproteine. Vinis'proteiiie, 
Die erstmaligc Lsolicrung des Tabakmosaikvinis in krystallisierter 
Form (lurch Stanley gestattete os, die Virusaktivitat mit cdiemischen 
und physikalis(;hen Daten in Korrolation zu [)i*ingen. Bekannilich 
stellte es sicli heraus, class es sich um cin Nucleoproteid handelt. 
TMV enthalt 16% Stickstoff, etwa 48% Kolilenstoff, 7.3% Wasser- 
stoff, etwa 0.6% Phosphor und etwa 0 . 2 % Schwefel. 

Es war friihzeitig aufgefallen, dass alle pflanzenschadigend(m Virus- 
proteine durch Schwermetallionen, welche Mercaptide bilden, in- 
aktiviert werden. So Avird die Infektiositat des TMV (lurch HgCb, 
CUSO 4 und AgNOs je nach pH, Konzentration, und Behandlungs- 
dauer mit verschiedener Geschwindigkeit vernichtet. Diese Tat- 
sachen und der Gehalt an Schwefel Hessen vermuten, dass das hoch- 
molekulare Nucleoproteid an der AktivitM; beteiligte Thiolgruppen 
von eingebauten Cysteinmokekulen enthalt (Doerr-Hallauer). In 
der Tat konnten Ross und Stanley zeigen, dass der S-Gehalt sich zu 
0.04% auf Mcthionin, zu 0.0-0.04% auf Sulfat und zu 0.14% auf 
Cystin + Cysteinschwefel verteilf. Im aktiven Virus sind allerdings 
keine Thiolgruppen nachweisbar, wohl aber treten solche bei der 
Denaturierung in Erscheinung. Da ausserdem die Aktivitat des 
Virus durch milde Oxydationsmittel, wie etwa das bei der kupfer- 
katalysierten Autoxydation von Ascorbinsaure auftrretende Hydro- 
peroxyd, zerstort wird, was auf Bildung eines inaktiven Disulfidvirus 
schliessen lasst, ist es sehr wahrscheinlich, dass die Virusaktivitat von 
dem Vorliegen freier doch maskierter Thiolgruppen ahnlich abhangt, 
wie die enzymatische Aktivitat des Papains an die unversehrten HS- 
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Gruppen gebunden ist (s.u.). Werden die Thiolgruppen des Virus- 
molekiils durch Jod zu Disulfidgruppen oxydiert, so resultiert ein 
reversibel inaktiviertes Produkt; die damit infizierten Pflanzen 
antworten mit der Produktion eines aktiven HS-Proteins, da im Zell- 
saft eine Reduktion zum urspriinglichen Thiolvirus stattfindet 
(Anson und Stanley). Allerdings muss man bei der Deutung der 
Inaktivierung durch Jod vorsichtig sein. So hat Anson 1940 gezeigt, 
dass Jod bei pH 6.8 sowohl mit Cystein, als auch mit Tyrosin reagi- 
eren kann. Bei pH 3.2 reagieren mit verdiinnter Jodlosung lediglich 
Cystein und TryptojJ^an. 

Die zur Selbstreproduktion befahigten Vinismolekiile von der Art 
des Tabakmosaikvirus stellen auf Grund dieser Ergebnisse Eiweiss- 
molekiile mit aktivierenden Ti^iolgruppen dar. Es ist denkbar, dass 
sich auf Grund dieser Tatsache eines Tages Mittel zur Bekampfung 
dieser unerwiinschten Schadlinge unserer Kulturpflanzen finden wer¬ 
den. 

Bei der Kartoffel z.B. bedingen die als Viruskrankheiten erkannten 
Abbauerscheinungen (Schick) starke Unsicherheiten oder Schwan- 
kungen des Emteertrages. Von Pfankuch und Lindau ist auf die 
Negativierung des Redoxpotentials in den abbaukranken Kartoffel- 
knollen hingewiesen worden. Die Ursache der hoheren Reduktions- 
kraft kranker Knollen konnie nicht auf einer Erhohung der Konzen- 
tration des HS-Glutathions beruhen, denn der bei 2-5 mg% liegende 
Gehalt der Pressafte zeigte eine nur geringfugige durchschnittlichc^ 
Zunahme gegeniiber den Vitalknollen. Aehnliches gilt fiir den bei 
etwa 20 mg% liegenden Ascorbinsauregehalt der Press^te. Wohl 
aber fand sich eine Erhohung der Monosen-Konzentration und eine 
erhohte Atmung bzw. C02-Produktion. Es wurde auf eine bc- 
schleunigte oxydoreduktive Umsetzung der aus den Monosen ent- 
stehenden Triosephosphatester infolge Aktivitatssteigerung der h('- 
teiligten Redoxasen geschlossen. Bemerkenswert ist in diesem Zu- 
sammenhang auch die hohe Phosphataseaktivitat der virusinfizierten 
Knollen. 

Die Virusproteine greifen demnach in den enzymatischen Stoff- 
wechsel ein. Ob es sich allerdings um eine direkte Wirkung auf die 
Enzyme handelt oder ob infolge mangelnder Aminosauren, welche zur 
Virussynthese verbraucht werden, die Bildung bestimmter Enzyme 
bevorzugt, anderer wieder benachteiligt wird, l^st sich noch nicht 
entscheiden. Der gesteigerte Verbrauch der schwefelhaltigen Amino- 



DIE PHYTOCHEMIE DES SCHWEFELS 


299 


sauren in der infizierten Pflanze fur die Vernetzung der Polypeptid- 
ketten im Virusmolekul muss jedenfalls schwere Stdrungen fiir den 
Aufbau der katalytisch und nicht katalytisch wirkenden Proteinc der 
Zellen nach sich ziehen. 

Klebereiweiss. Schon Czapek weist darauf hin, dass der Haupt- 
bestandteil des Klebers der Gramineensamen alkohollosliche sogen. 
Prolamine darstellen, neben denen alkoholunlosliche Fraktionen 
vorkommen. Beide Kleberbestandteile sind zur Teigbildung not- 
wendig. Das alkohollosliehe Gliadin des Weizenklebers ist durch 
seinen hohen Gehalt an Glutaminsaure und Prolin bemerkensvvert. 

Entscheidend fiir die Backfahigkeit von Weizenmehl ist die kolloide 
Eigenschaft der Kleberproteine. Diese miissen eine gevvisse optimale 
Viskositat und Dehnbarkeit besitzer, um im Brot das durch Garung 
Oder Zersetzung von Carbonaten gebildete Kohlendioxyd in ent- 
sprechenden Poren zuriickzuhalten. Die Untersuchung des Weizen¬ 
klebers (Ritter) hat gezeigt, dnss in diesem natiirlichen Hochpoly- 
meren die Vernetzung der Fadenmolekiile zu Rosten auch durch 
Disulfidbriicken herbeigefiihrt wird. Spaltet man reduktiv oder 
hydrolytisch die —S.S—Bracken auf, so bilden sich HS-Gruppen, 
wodurch infolge Aufhebung dor Vernetzung der Kleber seine charak- 
teristischen durch die Vernetzung bedingten Eigenschaften, z.B. der 
Schwerloslichkeit, der begrenzten Quellbarkeit iisw., verliert. 
Dadurch erklart sich der Verlust der elastischen Eigenschaften des 
Klebers bei der Behandlung mit Schwefelwasserstoff, Sulfit, HS- 
Glutathion, Thioglykolsaure, Thiomilchsaure, und Kaliumcyanid. 
Feuchtkleber zeigt erst nach Behandlung mit diesen “Rostspaltern'^ 
eine positive Reaktion auf Thiole mittels Nitroprussidnatrium. Das 
Glutathion verdankt seine kleberschwachende und teigerweichende 
Wirkung nicht nur der Aktiverung der Weizen- und Hefeproteinase, 
sondern auch der direkten Wirkung auf das Kleberprotein im Sinne 
einer Umsetzung nach: 2GSH + RSSR GSSG + 2RSH. 1 Teil 
Disulfidglutathion auf 25,000 Teile Mehl wirkt dagegen infolge der 
Vernetzung nach der von rechts nach links verlaufenden Reaktion 
wieder backverbessemd (Ziegler). 

Eine Verbesserung der Backfahigkeit wird durch Zusatz von Kali- 
umbromat oder ahnlichen milden Oxydationsmittelm zum Mehl 
erreicht; diese Stoffe verwandeln, wie zuerst Jorgensen gezeigt hat, 
den Thiolkleber mancher Weizensorten in Disulfidkleber und schalten 
storende niedrigmolekulare Thiole aus. Eigenartig ist die Wirkung 
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des starken Oxydationsmittels Stickstofftrichlorid NCI3, das beim 
sogen. Agone-Verfahren auf den Weizenkleber zur Einwirkung 
kommt. Ziigleich mit einer Bleichwirkung wurder das Auftreten, 
allerdings einer nur bei Hunden sich manifestierenden, toxischen 
Wirkung (Hundeepilepsie) beobachtet. Es ist moglich, dass die 
durch Oxydation aus den Disulfidbriicken gebildeten Cysteinsau- 
lerste den entstandenen Polypeptiden eine solche Eigenschaft ver- 
leihen, dass die Enzyme der Bakterienflora des Hundedarmes daraus 
toxische Produkte bilden. 

Enzymatisch wirkMune Phytoproteine. Die Eiwcisskomponente 
zahlreicher Enzyme enthalt offene oder maskierte Thiolgriippen, die 
zum Teil leicht reaktionsfahig sind. Von ihrer Gegenwart oder 
Abwesenheit hiingt die Aktivitat dieser Enzyme entscheidend ab. 
Die leicht reagierendeii HS-Gruppen konnen durch milde Oxydations- 
und Alkyliemngsmittel sowie durch mercaptidbildcndo Agenzien 
ausgeschaltet werden. Alle Enzyme enthalten ausserdem Disulfid- 
gruppen. Wegen ihrer charakteristischen Eigenschaften fasst man 
die genannte Gruppe zusammen und bezeichnet sie als Thiolenzyme. 

Zu den Thiolenzymen pflanzlichen Ursprungs zahlt man heute 
folgende: 


Papain, Broinclin, Ficin unci dio 
wandten Phyte^protcason 
Urease 
Arginase 

‘‘Saure’’ Phosphatase 

Adenosintriphosphatase 

Zymohexase 


ver- ('arboxy laso 
Transaminase 
i)-Aminosaureoxydase 
Hrenztraub('nsaureoxydase 
Su(5(;inodehydrase 
(-holinoxydase 
Alkoholdohydrase 


Vermutlich gehoren noch verschiedene andere Fermente zu dieser 
Gruppe. Die Thiolenzyme vermitteln den Stoffwechsel der verschie- 
denartigsten Verbindungen in der Pflanze. Eine Hemmung dieser 
organischen Katalysatoren bedeutet daher eine tiefgehende Stoning 
des Gesamtorganismus bzw. bestimmter Gewebe oder Zellen. Ent- 
hemmungsmittel konnen andererseits regulierend in enzymatische 
Stoffwechselprozesse eingreifen. Die durch Oxydationsmittel oder 
mercaptidbildende Agenzien herforgerufene Enzymhemmung kann 
ntolich durch Thiolverbindungen wieder beseitigt werden (Bersin). 
Ausser den naturlich vorkommenden Thiolen, wie HS-Glutathion, 
Cystein, Cysteinpeptide, Homocystein erweisen sich hierbei als 
besonders wirksam die synthetischen Dithiole (Barron und Mitarbei- 
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ter) von der Art des Dimercaptopropanols HSCH 2 • CHSH • CH 2 OH, 
da sie stabile ringformige Metallkomplexe mit den vergiftenden lonen 
bilden. 

Bei der Priifiing der individuellen Enzyme auf aktivierende Thiol- 
gruppen mittels solcher Inhibitoren wie Jodessigester oder Brom- 
acetophenon ist die Gegenwart protektiver Substanzen in unreinen 
Praparaten der p]nzyme zu beriic.ksic^htigen. So enthalten vielfach 
aktive, aber nicht krystallisierte Enzympriiparate wechselnde Mengen 
von d(^naturiertem Enzym, welches w(‘gen der b(u der Denatiirierung 
freiwerdenen Thiolgruppen Schutzwirkiingen entfaitet. Vergleich- 
onde Messiingen miissen daher mbgli(*hst zu gleicher Zeit mit dem 
gleichen Praparat durchgefiihrt worden (Mackworth). 

Papain. Im gesarnten niederen i.nd hoheren Pflanzenreich findet 
si(di ein ziir Klasse der Proteinasen gehorendes Enzym, das in neu- 
tralem oder schwacdi sauren Gebiet—optimal bei pH 5 (Hoover und 
Kokes)—Proteine und gewisse Peptide hydrolytisch spaltet, voraus- 
gesetzt, (lass das Redoxpotential geniigend negativ ist; bei Verschie- 
bung ins positive Gebiet offenbart das Fermemt synthetische Leist- 
ungen. Das im Saft der Carica papaya bcsonders reichlich vorkom- 
mende Enzym erhielt den Namen Papain. P^s ist bier nicht der Ort 
zu einer eingehenden Beschreibung seiner Eigenschaften; nur soweit 
ein Zusammenhang mit dem Schwefelstoffwechsel besteht, soli auf 
gcwisse charakteristische p]igenschaften eingegangen werden. 

Dem Papain sehr ahnliche p]nzyme finden sich weiter im Saft des 
Feigenbaumes Ficus carica, in der Hefe, in den P^iichten von Cucumis 
utilissimus, in CaloPopis procera, im Mohnsaft, in Cocos nucifera, in 
Ananas (Bromelin), Bananen, Weintrauben, im Weizenkorn, im 
Hafermehl und in Hefe, sowie im Sekret der insektenfressenden 
Pflanzen, z.B. Nepenthes. 

Das Papain aus der Carica papaya ist selbst ein Protein und lasst 
sich in krystallisiertem Zustand isolieren. Von Kassell und Brand ist 
die Schwefelverteilung im Papain untersucht worden; danach sind 
darin enthalten: 


Total-S, nach Prcgl, %. 

3,01 

Es hetrdgt der Gehalt an: 


Total-Protein-S, % . 

1.47 

Cystin, %. 

.. 3.2 

Davon: Cystin, %. 

. 58 

Cystein, %. 

. . 1.0 

Cystein, %. 

. 18 

Methionin, %. 

.. 0.46 

Methionin, % .... 

7 


Unbestimmt, % .. • 

. 17 



Sulfat-S, %. 

1.54 
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Diese Befiindo sind von anderor Seite bestatigt worden. Balls und 
Lineweaver wiesen im aktiven krystallisierten Papain Thiolgruppen 
nach, womil ondgiiltig die von Bersin aiif Gnind von Hemmiings-und 
Aktivieriingsversuchen vorgenommene Deutung des Zusammen- 
hanges zwischen Aktivital und Art dor Sohwofolbindung im Enzym 
be wiesen erscheint. 

Das von Fruton und Lavin aufgenommene Absorptionsspektrum 
des Papains Itot eigenartigerweise die Tyrosinbande vermissen. 
Vermutlich enthalt das Papainmolokiil reiohlich Diaminomonocar- 
bonsauren, denn nachPilinger wander! es bei pH 2.5-8 kathodisch. 

Die wirksame Gruppe des Enzymmolekiils, welches sich nicht ohne 
Zerstorung in Wirkgruppe und Trager zerlegen lasst, ist wahrschein- 
lich eine aktivierte Aminogruppe. Deren Reaktionsfahigkeit ist 
durch Dipolinduktion seitens einer benachbarten Thiolgruppe so 
gesteigert, dass Umamidierungen, Hydrolysen, und Synthesen (M. 
Bergmann und Mitarbeiter) mil grosser Gesehwindigkeit verlaufen: 

( 1 ) Umamidierung als Primarroaktion 

—CO-NH— 4- HoN” Enz ;z=± —(X) NH—Enz + HgN— 

(^) Hydrolyse des Zwischenproduktes 

—CO NH—Enz + HOH ,- ~COOH -h H 2 N—Enz 

(5) Umamidierung des Zwischenproduktes (Synthese) 

—CO NH-Enz HjN—R , . — CX) NH-R -f H 2 N -Enz 

Das Eintreten einer Umamidierung nach (3) ist abh^gig von der 
Loslichkeit des entstehenden Saureamids; ist dieses schwer loslich 
und scheidet somit aus dem Gleichgewicht aus, so erfolgt Umamid¬ 
ierung. Eine Stiitze fiir die Hypothese von der aktivierenden Wirk- 
ung der Thiolgruppe im Papainmolekiil kann in der von Greenstein 
experimentell ermittelten Tatsache gesehen werden, wonach HS- 
Gruppen gewisse benachbarte CO NH-Bindungen leichter hydroly- 
sierbar machen. So geht z.B. Anhydrocysteinylcystein schon bei der 
Einwirkung kalter Sauren in das Dipeptid Cysteinylcystein iiber, 
wahrend Anhydroalanylalanin zu diesem Zwecke lange mit konzen- 
trierter Saure gekocht werden muss. 

Die reaktionsfreudige Thiolgruppe des aktiven Papains ist die 
Ursache der Redoxeigenschaften dieser Hydrolase. Durch De- 
hydrierung kann ein reversibel inaktiviertes Disulfidenzym erhalten 
werden, dessen Aktivierung durch Negativierung des Redoxpotentials 
mittels spezifischer Reduktionsmittel gelingt. Das Optimum des 
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lledoxpotentials wurde bei pH5.5 bei etwa 360 mV ermittelt (Reiss); 
es hat naturgem^ fiir andere Saurestufen andere Werte. Bei einer 
Positiviening des Redoxpotentials von etwa 400 mV ab durch Zusatz 
von Jodat oder Hydroperoxyd konnen die synthetisierenden Eigen- 
schaften des Papains—erkennbar an der Abnahme des formoltitrier- 
baren Stickstoffes—auffallig hervortreten. Mit anderen Worten: 
das Disiilfidpapain zeigt bevorzugte synthetische Fahigkeiten. Es 
wild damit verstandlich, weshalb der Proteinabbaii und die Protein- 
synthese in der Pflanze eine Abhangigkeit vom Redoxpotential zeigt. 
Allerdings darf nicht verschwiegen werden, dass eine Proteinsynthese 
nicht nur die Verkniipfung von Aminosauren zu Polypeptidketten 
sondern auch noch die Vernetzung der Polypeptidketten ziim Protein- 
molekiil voraiissetzt. In weleher Weise die letztere Reaktion gelenkt 
wird, ist noeh nicht bekannt. Wohl hat man Proteinsynthesen in 
vitro durchfiihren konnen (Voegtiin u.a.), doch erfordert die Bildung 
von, beispielsweise serologisck einheitlichen, Proteinen zweifellos 
bestimmte Richtkrafte oder Matritzen, woriiber vorlaufig noch kaum 
etwas bekannt ist. 

Im Zusammenhang mit Fragen der Virusinfektion von Pflanzen hat 
die Gegenwart von Papainasen, wie man die dem Papain ^nlichen 
Pflanzenproteinasen genannt hat, in Blattern Interesse erregt. Es 
ist denkbar, dass die Aktivitfit dieser Proteasen einen Einfluss auf das 
Angehen oder Nichtangehen der Virusinfektion hat. Von Tracey 
stammt eine Zusammenstelhing der Aktivitat der bei optimal pH 5 
wirkenden Proteinase in Saft von Blattern verschiedener Pflanzen: 


Pflanzen 

Einheiten/ 

(rramm 

Protein-N 

\icotiana tahacum . . . 

25-1,040 

Solarium tuberosum . 

150 -780 

Solarium dulcamara. 

1,020 

Lycopersicum e sculent u rn . 

370 

Beta vulgaris . 

60-400 

Cucurhita pepo var. ovijera 

244 

Bryonia dioica . 

130 


Einheiten/ 


Gramm 

Pflanzc'n Protein-N 


Hrassica oleracea . 263 

Phaseolus vulgaris . 375 

Triticum vulgare . 350-580 

Dactylis glomerata . 202 

A nanas saiivus . 13,000 

(Papain, 0.005 mg. N/ml.) 84,000 


Urease, Die Ammoniakbildung aus Harnstoff in faulendem Harn 
ist auf ein sehr spezifisches Enzym des Micrococcus ureae zuriick- 
zufuhren. Dieses Enzym, die Urease, wurde weiter in Bakterien, 
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Pilzen, Pflanzensamen, und Leguminosen gefunden. Die Harnstoff- 
zersetzer des Ackerbodens sind der sporenbildende Bacillus prohatus 
und Sarcina ureae. Nach Winogradsky und Winogradsky ist Urease 
auch in den Wurzelknollchen der Leguminosen nachweisbar. Sehr 
wichtig erscheint der Befund von Conrad, wonach an Lignoprotein- 
verbindungen des Bodens gebundene Urease, vermutlich aus abgestor- 
})enen Bakterienleibern, die Ammoniakbildung aus Harnstoff durch- 
zufiihren vermag. 

Urease beschleunigt die Hydratisierung von Harnstoff zu carbamin- 
saurem Ammonium bii pH 7 (vgl. v. Euler), das im Cleichgewicht 
mit Ammoniumcarbonat sieht: 

Ureaso + H 2 O 

HzN-CO NIL + HOH-► H.N •CO(3NH4 ^=± CO(ONH4)> 

- IhO 

Nachdem Sumner im Jahre 1926 die Darsiellung des reinen krystal- 
lisierten Ferments aus dcm Mehl der Jac^kbohne, Canavalia ensiformisy 
gelungen war, wissen wir, dass es sieh um ein Thiolenzym handelt. 
Sumner und Poland zeigten, dass die reine krystallisierte Urease eine 
positive Nitroprussidreaktion zeigt. Unter der Annahme von einer 
Thiolgruppe je Molekiil berechnet sich fur das Ferment ein Aequi- 
valentgewicht von rund 15,000. Die Teilchengrosse des Ureasemole- 
kiils liegt nach Messungen mit der Ultrazentrifuge in der Nahe von 
473,000. Es hat den Anschein, als ob jedes 6. Atom Schwefel als 
HS“Gruppe vorliegt, wahrend die anderen moglicherweise als Disulfid, 
vielleicht auch als Thioather (Methionin) gebunden sind. Von 
Hellerman und Mitarbeitern, sowie Bersin und Roster wurde nach- 
gewiesen, dass Vergiftungs- und Aktivierungserscheinungen an der 
Urease nur so erklart werden konnen, dass die Thiolgruppe des En- 
zyms als aktivierende Gruppe selbst verandert wird. Oxydations- 
mittel hemmen oder zcrstoren, Reduktionsmittel reaktivieren. Ein 
Teil der HS-Gruppen kann allerdings durch Thiolreagentien, wie 
Jodacetamid oder Porphyrindin, blockiert werden, ohne dass In- 
aktivierung eintritt; demnach sind nicht samtliche Thiolgruppen als 
aktivierend zu bezeichnen. 

Die katalytische Eigenschaft des Proteins Urease ist auf die durch 
Thiolgruppen ausserordentlich gesteigerte Reaktionsfahigkeit einer 
funktionellen Gruppe des Molekiils zuriickzufiihren und zwar wahr- 
scheinlich einer Aminogruppe. Diese reagiert mit dem Harnstoff 
unter Bildung einer Uraminosaure und Ammoniak: 
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H2N-CO-NH2 4- HaN- 


CH 2 SH 

in- 


HaN-CO-NH. 


CH 2 SH 
in— + NH, 


Die Uraminosaure wird anschliessend ziir Carbaminsaure unter 
Riickbildung des Enzyms hydrolysiert: 


CH 2 SH 

HjN-CO-NH-ciH— 4- HOH 


CH 2 SH 

I 

H 2 N COOII 4- H 2 N CH— 


Die von verschiednen Autoren beobachtete Vergiftung der Urease 
durch lonen des Hg, Cu, Ni, Ag, Zn, Cd, U, Au, Pt, Co, Ce, Mn, Fe, 
(lurch Jod, Sauerstoff, Selenit, p-Chlorquecksilberbenzoat, o-Jodoso- 
benzoat, Hydroperoxyd, imd Chinone, sowie Wolframat fiigen sich 
dem Bilde eines Thiolenzyms aufs beste ein. Die reduktive Aktiv- 
ierung durch HS-Glutathion, Cystein, Thioglykolsaure, Schwefel- 
wasserstoff, Thiolessigsaure, Hydrosulfit, Blaus^ure,und Arsenobenzol 
beweist die Disulfidnatur d(u reversibel oxydativ inaktivierten 
Urease, 

Dass die Disulfidurease zu bevorzugten synthetischen Leistungen 
befahigt ist, konnie M. Tono zeigen: in Abhangigkeit vom Redox- 
potential des Mediums wird ontweder Harnstoff hydrolysiert oder aus 
Aminoniumcarbaminat Harnstoff synthetisiert. Es wurde ein En- 
zympriiparat aus Jackbohnen bzw. Sojabohnen verwendet. 

Bemerkenswert erscheint in diesem Zusammenhang der Befurid von 
T wan off, wonach Hutpilze nur bei mangelnder Kohlenhydratzufuhr 
das aus dem Eiweisstoffwechsel stammende Ammoniak zu Harnstoff 
synthetisieren. Infolge eines Mangels an Reduktionsmitteln kommt 
es zur Ausbildung eines positiven Redoxpotentials im Gewebe des 
Pilzes, so dass die normalerweise mittels einer Redoxase aufrechter- 
haltene Konzentration an hydrolysierender Thiolurease absinkt und 
die Synthese durch die Disulfidurease zum Zuge kommt. 

Nach alteren Angaben nimmt der Gehalt von Samen und Friichten 
sowohl beim Reifen, als auch beim Keimen zu. Die Urease ist in den 
innersten Samenteilen, nicht in der Schale lokalisiert. Von Granick 
ist die Verteilung der Urease in Canavalia ensiformis untersucht wor- 
den. Im Stadium der Zellteilung wurde im Parenchym eine starke 
Synthese des Ferments beobachtet, welche mit dem Aufhoren der 
Zellstreckung ihr Maximum erreicht. Mit zunehmendem Alter 
findet dann eine Abnahme an Urease statt. Im Kambium und dem 
sich aus ihm ableitenden Xylem und Phloem konnte das Ferment 
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nicht nachgewiesen werden. Samen und besonders der Embryo siiid 
sehr reich an Urease. 

VII. AM SCHWEFELSTOFFWECHSEL BETEILIOTE ENZYME 

Die verschiedenen in den Pflanzen vorgefundenen schwefelhaltigen 
Verbindungen verdanken ihre Entstehung, soweit sie nicht aus dem 
Erdboden oder der Luft aufgenommen worden waren, der Tatigkeit 
zahlreicher organischer Katalysatoren. Diese am Schwefelstoff- 
wechsel beteiligten Enzyme sind nur zum geringsten Teil bekannt. 
Die bisher etwas gefBhier charakterisierten Fermente lassen sich in 
zwei Gruppen einordnen: die zii den Redoxasen zu zahlenden Enzyme 
Cysteinase, Cystinase, Cystindesulfurase, Sulfurase, Desulfinicase 
ii.a., sowie die zu den Hydrola^jen gehorenden Sulfatasen. 

Wahrend die letzteren lediglich die Hydrolyse und vielleicht die 
Synthese von Schwefelsaureestern bewirken, sind die ersteren fiir die 
viel wichtigeren oxydoreduktiven Umwandlungen der Schwefel- 
verbindungen verantwortlich. Das ganze Gebiet befindet sich erst 
im Aufbau und gesicherte Tatsachen sind erst spMich zu verzeichnen. 

A, Schwefelspezifische Redoxasen 

Als Redoxasen werden Enzyme bezeichnet, welche ein Oxydations- 
mittel und ein Reduktionsmittel, die spontan nicht reagieren, zum 
Umsatz bringen. Der elementare Schwefel kann beispielsweise nicht 
mit elementarem Wasserstolf reagieren, wohl aber existiert ein Enzym, 
welches beide Elemente uiiter Schwefelwasserstoffbildung zur Reak- 
tion bringt. Es ist weiterhin bekannt, dass Thiolverbindungen, wie 
etwa das HS-Glutathion mit elementarem Schwefel unter H 2 S- 
Bildung reagieren, wobei das entsprechende Disulfid gebildet wird; 
ist gleichzeitig ein Enzym vorhanden, welches Wasserstoff von einem 
Kohlenhydrat auf das Disulfid zu iibertragen vermag, so kann bei 
Gegenwart dieses Kohlenhydrats eine indirekte Schwefelhydrierung 
bewerkstelligt werden. Derartige Verhaltnisse liegen augenscheinlich 
bei verschiedenen Bakterien vor. Aber auch die hoheren Pflanzen 
verfiigen alle uber Enzyme, welche Disulfide zu Thiolen reduzieren und 
zwar zumeist auf Kosten von Kohlenhydraten bzw. deren Stoff- 
wechselprodukten, welche der Oxydation verfallen. 

Die Schwefelwasserstoffbildung aus schwefelhaltigen Aminosauren 
ist ein Vorgang, der noch der Klanmg bedarf. Garnichts ist fiber 
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Enzyme bekaniit geworden, vvelche die Synthese der schwefelhaltigen 
Aminosauren bewirken. 

Wie die Synthese von Thioathern, Senfolen und Thioharnstoffen 
in der pflanzlichen Zelle erfolgt, ist ebeiifalls nicht bekannt. Man 
muss mit der Moglichkeit rechnen, dass auch nichtenzymatische 
Anlagerungs- und Kondensationsreaktionen hierbei eine Rolle spielen, 
ahnlich wie das bei der Alkaloidsynthese der Fall ist. 

Die Schwefelhydrierung. Wie Ahlstrom, von Euler und Gernow 
gezeigt haben, vermag ein thermolabiles Enzymsystern der Hefe, an 
dem moglicherweise Thiole beteiligt sind, elementaren Schwefel zu 
Schwefelwasserstoff zu hydriercn. Bemerkenswerterweise gibt es 
Bakterien, z.B. im Hundediinndarm (Andrews), welche wohl aus 
Schwefel, Thiosulfat, Sulfit, Methionm und L-Cystin, jedoch nicht aus 
Cystein oder Sulfat Schv^x‘felwassersloff zu bilden vermogen. 

Cystinase. Von Desnudle, Wookey, und Fromageot ist im 
Propionohacterium pentosacruni fin Enzym oder Ensymsystem gefun- 
den worden, welches nicht Cystein, wohl aber L-Cystin in Gegenwart 
von Glucose oder Glyzerin als Reduktionsmittel unter H 2 S-Bildung 
abbaut; D-Cystin wird nic^ht angegriffen, wohl aber D,L-Cystin und 
Mesocystin. 

Cysteindesulfurase (1-Cysteinase). Das h'erment wurde von 
Binkley aus Escherichia coli angereichert. Fromageot und Mitar- 
beiter haben es in Bac. subhlis und B. coli nachgewieseri und glauben 
ihm auf Giaind von Hemmungsversuchen Ketoiu^harakter zuschreiben 
zu miissen. Die Umsetzung verlauft bei 45° und pH 6.4-6.6 augen- 
scheinlich nach (vgl. Smythe und Halliday): 

3 HSCH2-CH(NH2)C00H-> H 2 S H- CH3CII(NH2)COOH + 

f --S • CH 2 • CH(NH2)C00H J 

Von Baumgartel ist Schwefelwasserstoff-Bildung aus Cystin beim 
anaeroben Faulniserreger Bac. putrificus verrucosus, der auch Cystin 
zu Cystein reduziert, beobachtet worden, was auf Vorliegen der 
Cysteindesulfurase bei dieser Bakterienspezies schliessen l^st. 

Sulfurase. Wahrend die Cysteindesulfurase aus B. coli einen 
Wasserstoffdonator benotigt und auch im Mazerationssaft wirksam 
bleibt, existiert im gleichen Mikroorganismus ein weiteres Enzym— 
von Fromageot, Moubasher, und Desnuelle Sulfurase genannt— 
welches ohne H-Donator Glutathion und Thiomilchsaure unter H 2 S- 
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Bildung zerstetzen soli. Die Umsetziing bei der Thiomilchsaure soil 
wie folgt verlaufen: 

D,L-CH,.CPl2(SH)-COOH + IbO-> d,l-CH,.CTIOH.COOH + H 2 S 

Die Individualitat dieses Enzyms erscheint fragwiirdig. 

Desulfinicase. Von Fromageot iind Chatanger wurde in der 
Leber hoherer Tiere ein Enzym entdeckt, das aus L-(^ysteinsiilfosaure 
Sulfit abspaltet. Ob diese Desulfinicase auch im Pflanzenreich 
vorkommt, ist nicht bekannt geworden, jedo(;h sehr wahrscheinlich. 

Sonstige Redoxasita. Von Barber und Burrows wurde bei eineni 
Bodenbakterium Achromobacter cystinovonim eiiie aerobe Zersetzung 
des Cystins unter Bildung von elementarem Schwefel, Ammoniak, 
und Kohlendioxyd beobacJitet; Schwefelwasserstoff scheint nicht zu 
entstehen. Ganz augenscheinlich sind an diesen Umsetzungen 
mehrere Enzyme beteiligt, darunter die Cystinase. 

Der durch langsame Umsetziing von Eisen mit Wasser gebildete 
molekulare Wasscrstoff kann von sulfatreduzierenden Bakterien, 
welchen NaHCOa als einzige Kohlenstoffquelle zur Verfiigung stand, 
nicht nur zur Rediiktion von Sulfat zu Sulfid (Starkey und Wight), 
sondern auch als Wachstumsciuelle benutzt werden, wie Butlin und 
Adams gezeigt haben. Hier ist die noch wenig untersuchte Hydro- 
genase beteiligt, von der es bekannt ist, dass sie di(i Reduktion von 
Sulfat mittels molckularem Wasserstoff zu katalysi(a*en vermag. 

Auf welche Weise die enzymatische Reduktion von Sulfat zu 
organischen Disulfiden, z,B. in den Wurzelspitzen von Bohnen 
(Hammett und Reynolds), erfolgt, ist bis heute unklar, denn es konnte 
kein Enzym isoliert werden, welches etwa Sulfat zu Sulfit reduziert. 
Moglicherweise geht diese Reduktion fiber die Ester. Bemerkens- 
wert ist je?denfalls die hohe Konzentration an Thiolen und Disulfiden 
in den Wurzelspitzen aller Pflanzen, wo eine lebhafte enzymatische 
“Geschaftigkeit’^ zu vermuten ist. In diesem Zusammenhang sei auf 
die Entdeckung von anaeroben, beweglichen, gramnegativen Vibri- 
onen mit polaren Geisseln aus sulfathaltigen Salzwassern von Oel- 
feldern durch J. W. Young hingewiesen. Das Fermentsystem dieser 
Organismen vermag unter H 2 S-Bildung und C02-Entwicklung Lactat, 
aber nicht Formiat in Carbonat zu verwandeln. Hier fungiert dem- 
nach die Milchsaure als Reduktionsmittel und das Sulfat als Oxyda- 
tionsmittel. 

Die Reduktion von Thioacetaldehyd zu Aethylmercaptan durch 
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Hefe (s.o.) wird wahrscheinlich durch das gleiche Pyridinenzym 
bewerkstelligt, welches den Acetaldehyd zu Aethylalkohol hydriert.' 

In der Natur kommen verschiedentlich Enzymsysteme vor, die den 
Wasserstoff von Kohlenhydraten und anderen Verbindungen auf 
Disulfide iibertragen, wobei diese zii Thiolen reduziert wcrden. So 
haben Meldrum und Tarr in Hefe die Gegenwart des Warburg- 
Christian’schen Enzym-Coenzym-Systems nachgewiesen, welches 
Disulfidglutathion GSSG mittels Hexosemonophosphat zu GSH 
reduziert. Nach Baumgartel verinag, wie schon erwahnt, der 
Faulniserreger Bac. pulrificm verrucosus Cystin zu Cysteiii zu reduz- 
ieren, wobei wahrscheinlich das gleiche PJnzymsystem wie in der Hefe 
in Aktion tritt. Auch die Succinodehydrase, welche spezifisch auf 
Bernsteinsaure als Substrat eingestellt ist, kann den Wasserstoff 
dieser Di(^arbonsaure auf Disulfide iibertragen; Bersin konnte eine 
Hydrierung des Disulfidpapains rnittels Succinodehydrase und Bern¬ 
steinsaure nachweisen. 

Zwei in den Bakterieii, Pilzen, und hohereii Pfianzen weitverbreitete 
Enzyme, die Hydrogenasc und die Amcisensauredehydrase, kataly- 
sieren folgende Reaktionen: 

(/) II 2 + X , ^ XH 2 (Ilydrogenase) 

{ 2 ) HCOOH -f X XH 2 4- CO 2 (Ameisensauredehydrase) 

Es bedeutet X einen Wasserstoffa(;c,eptor, also ein Oxydationsmittel, 
wie etwa der Schwefel des Sulfats, Sulfits, oder Thiosulfats. 

Auf Grund neuerer Arbeiten ist anzunehmen, dass es sich bei der 
Ameisensauredehydrase um ein System von Pyridin- und Flavin- 
enzymen handelt. Bekanntlich sind diese Enzyme mit Wirkgruppeii 
alls dem Vitamin B 2 “Komplex in fast alien lebenden Zellen mitein- 
ander zura Zweeke eines gerichteten Wasserstofftransportes verkop- 
pelt. 

Die Hydrogenase der Wurzelknollchenbakterien R. trifolii vermag 
in Gegenwart von molekularem Wasserstoff Sulfat zum Sulfid zu 
reduzieren, wodurch es infolge FeS-Bildung mit den im Boden vor- 
kommenden Eisensalzen zu einer Schwtoung des Bodens kommt; 
nimmt dieser Prozess einen grossen Umfang an, kommt es infolge 
Negativierung des Redoxpotentials bzw. Herabsetzung des Sauer- 
stoffgehaltes im Boden zu einem Absterben der Wirtspflanze (Lee und 
Umbreit). 

Schliesslich sind Enzyme bekannt geworden, welche den Wasser- 



310 


THEODOR BERSIN 


stoff von Thiolen auf ungesattigte Verbindungen zu ubertragen 
Vermogen. So erfolgt durch eine Redoxase des Bac. coli commune 
eine Hydrierung des Bilirubins zu Sterkobilinogen und des Phaophy- 
tins zu Phylloerythrin in Gegenwart von Cystein als Reduktionsmittel 
(Baumgartel). 


B. Sulfatasen 

Die Bildung und Hydrolyse der in den Pflanzen gefundenen 
Schwefelsaureester wird von spezifischen Sulfatasen bewirkt. Hier 
sind auch noch zahjjygiche Fragen trotz der umfangreichen Pionier- 
arbeit von Neuberg u.a. zu losen. Die Natur der Wirkgruppen dieser 
Fermente liegt immer noch im Dunkeln, obwohl die Reindarstellung 
durchaiis im Bereich der derzeitigen Moglichkeiten liegt. 

Die in Aspergillus oryzaCj sowie in pflanzlichem und tierischem 
Material auf gefundenen Sulfatasen sind an der Einstellung des Gleich- 
gewichtes folgender Reaktion beteiligt: 

R~ 0 —SO.,’ -f H2O ;=± ROH -f IIOSO3’ 

Es werden also Monoschwefelsaureester von Oxyverbindungen der 
verschiedensten Art (Phenole, Alkohole, Zucker) gespalten oder 
synthetisiert (Fromageot). 

So spaltet die Myrosulfatase der Senfkorner bei optimal pH 5.4-7.4 
aus dem Sinigrin die Schwefelsaure ab (Bussy, Neuberg): 

CsHiiObS—C^N-CgHb + HOH -> (;6Hn06S-C=::N-CaHa + HO SOa-O 

(i-SOj-O- OH 

Sinigrin Merosinigrin 

Das Enzym kommt bei alien Cruciferen vor und fehlt bei Schim- 
melpilzen und Bakterien. Es ist zumeist vergesellschaftet mit der 
Thioglucosidase (das Gemisch hiess friiher Myrosinase), welches die 
Hydrolyse der thioglucosidischen Bindung bewirkt. Die Reinigung 
der Myrosulfatase ist mittels Adsorptionsmethoden von Neuberg und 
V. Schoenebeck durchgefiihrt worden. Ausser dem Sinigrin werden 
auch Sinalbin und Glucocheirolin von der Myrosulfatase gespalten. 

Ueber die Eigenschaften der Thioglucosidase ist kaum etwas 
bekannt geworden. 

Die Chondrosulfatase einiger Bakterien, z.B. B. proteus und B. 
pyocyaneus (Tanko), beschleunigt die Hydrolyse der Kohlenhydrat- 
schwefelsaureester, aus denen die tierischen Schleimsubstanzen 
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bestehen. Sie ist nicht identisch mit der Glucosulfatase, welche 
neben der Chondrosulfatase in Bact. fluorescens non liquefaciens 
aufgefunden wurdc. Die von Soda bearbeitet Glucosulfatase ist 
besonders reichlich bei Gastropoden zu finden und hat ein in der 
Nahe von 5 liegendes pH-Optimum; Borate und Phosphate sind 
Starke Inhibitoren dieses Enzyms. 

Die von Derrien entdeckte Phenolsulfatasc wurde von Neuberg, 
der sie in der aus Schiinmelpilzcn gewonnenen Takadiastase nachwies, 
naher untersucht. Sie spaltet Indoxylschwefelsaure und die ver- 
schiedensten Phenolschwefelsaiircoster bei pH 7-9; zum Abfangen 
der gebildeten freien Saure muss beiden Yersuchen CaCOa oder 
BaCOa zugesetzt werden (MgCOa herumt merkwurdigerweise total). 
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I. Chemical Changes Caused by Shed Curing 

In Part I (59), a survey was presented on the chemical composition 
of the harvested tobacco leaf, and on the chemical conversions that 
occur in the leaves when they are subjected to the drying or curing* 
process immediately after their removal from the field. The pattern 
of these conversions ij^d etermined predominantly by those enzymes 
which remain active in the leaf tissues throughout the curing phase. 
This first phase of tobacco processing includes a starvation period 
followed by the death of the leaves. A considerable fraction of the 
leaf proteins undergo hydrolysis with the simultaneous appearance 
of amino acids, amides, and ammonia compounds in the form of 
water-soluble split-products; the polysaccharides are converted, 
again by hydrolysis, to simple sugars; small amounts of the pectins 
are partially attacked and broken up into lower molecular compounds 
such as pectic acid, uronic acid, and methyl alcohol. All these and 
some additional minor hydrolytic conversions differ basically from 
the chemical metabolism of the living leaf by the absence of synthetic 
processes, including the assimilation of carbon dioxide. Because of 
the lack of counterbalancing reactions, the hydrolytic processes of 
disintegration dominate the chemical conversions in the curing leaf. 

Parallel to this one-sided trend in favor of lower molecular split- 
products, an additional set of chemical changes develops in the leaves 
with the progress of curing. The dynamic equilibrium between oxi¬ 
dative and reductive processes, as it was established in the living leaf, 
is thrown off balance, due to a drastic weakening of the reductive fac¬ 
tors within the leaf tissues. As a result, the oxidation of certain leaf 
components becomes a major effect of the curing process simultane¬ 
ously with, and in the wake of, the hydrolytic reactions. The carbo¬ 
hydrates are among the first compounds to be subjected to oxidation 
obviously owing to the influence of the same enzyme complex that 
had sustained the respiration of the living leaf. The transformation 
of malic acid into citric acid, a characteristic effect of the curing proc- 

* The term “curing,” sometimes used loosely to designate the entire processing 
of tobacco, is applied here exclusively to the phase of “shed curing” which covers 
the various methods employed for the first phase of tobacco treatment, such as 
air, flue, fire, and sun curing. 
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ess, is probably interrelated with the carbohydrate oxidation via a 
set of reactions closely related to the tricarboxylic acid cycle (169, 
217). Gradually, the oxidative actions spread further, involving 
additional compounds, such as other organic acids, phenols, poly¬ 
phenols, and some of the resinous components of the leaves. Con¬ 
currently, chlorophyll disappears by a process the clu^mical nature of 
which is unknown. 

These are the principal transformations which take place in the 
‘^air curing’’ of tobacco leaves, as far as our present knowledge goes. 
In '‘flue curing,” as applied to certain types of cigarette tobacco, the 
oxidative reactions are kept to a minimum by subjecting the tobacco 
to a drastic temperature increase. The latter is timed with the prog¬ 
ress of curing at such a rate that the- enzyrnc^s catalyzing the oxidative 
conversions are inactivated at the appropriate moment (3,5,24,41,139, 
173,232,247,248). 

II. Description of the Fermentation and Aging Process 

All these chemical effects of shed curing constitute preparatory 
rather than decisive steps on the way from the green tobacco leaf to 
a satisfactory and industrially aci^eptable smoking tobacco. With¬ 
out a further specific tn'atment, even well-cured cigar, cigarette, or 
pipe toba(T*os are still unfit to be smoked, at least as far as the stand¬ 
ards of conscientious manufa(;turers go. Such leaves develop on 
burning a pungent and irritating smoke which has a harsh and bitter 
taste and which obliterates the agrei^able effei^ts of any aroma com¬ 
pounds that may be present in the smoke among the products of com¬ 
bustion and of dry distillation. 

The experience of the trade over many decades has taught that 
tobacco—and this holds for every known type—has to be subjected to 
one or more additional specific operations in order to yield a product 
which, on burning, develops a mild and aromatic smoke, free of the 
pungent ingredients characterizing the smoke of merely shed-cured 
tobaccos. 


A. TYPES OF PROCESSING 

These additional methods of processing vary considerably from one 
tobacco type to the next. Table I presents a survey on several typi¬ 
cal operations as they are applied to various kinds of tobaccos; they 
range from the mild "aging,” which has been developed for the fluo- 
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TABLE II 

Types of Units Used in the Aging, Sweating, and Fermentation of Various Tobacco Types 
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The two values listed for (5) and (7) each refer to the dimensions of the bulks before and after fermentation. 
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cured, fire-cured, and some air-cured types of cigarette tobaccos, to 
the drastic ‘ ‘ sweatprocedures employed for the processing of filler- 
type cigar tobaccos and, in a further intensified form, for certain snuff 
tobaccos. In Table II, the kinds of units are listed in which the vari¬ 
ous tobacco types are being processed. 

In a rather vague way, the name ^‘fermentation^^ is being applied to 
these procedures of tobacco processing, except that it is rarely used 
for the aging process. The term ^fermentation” was introduced some 
eighty years ago by Nessler (147) and is somewhat unfortunate. 
Contrary to its implication and to some early surmises (119), the 
chemical changes occurring at this stage in the tobacco leaves have 
little, if anything, in common with the alcoholic fermentation of vege¬ 
table materials. Even if applied in the general sense as a chemical 
conversion of organic materials under the influence of microorganisms, 
the term is not fully appropriate; as we shall see later, the extent to 
which bacteria and fungi are essential for the tobacco processing is 
still a disputed question (see Sect. IV). 

In the typical aging of flue-cured cigarette tobaccos (45,68), the 
tobacco is stored, mostly in hogsheads, over several years in the form 
of tightly compressed masses of rather dry leaves. 

The moisture content of 10-13% (Table I, No. 1, Column 4) in which flue-cured 
tobacco is subjected to aging corresponds to a condition in which the leaves ‘*feel” 
very dry but in which they still possess enough pliability to stand cautious han¬ 
dling without excessive breakage. Most of the water corresponding to this nmis- 
ture content seems to be bound to the proteins, pectins, and other colloidal leaf 
components in the form of “swelling” water. 

Little heat, if any, is generated within these masses during the en¬ 
tire aging process. The temperature of the tobacco follows closely 
the seasonal changes of the storage rooms without appreciable devia¬ 
tions (except a certain lag caused by the thermal inertia of the com¬ 
pressed masses of packed leaves). The losses of dry weight of these 
flue-cured tobaccos as incurred over the aging period remain small, 
ranging from negligible amounts to one to two per cent. In the aging 
of air-cured tobacco types, the losses of weight are larger but rarely 
exceed 3 to 4%. 

The ^^aging” of air-cured cigarette tobaccos, listed as No. 2 in Table I, repre¬ 
sents, chemically, a process intermediate between the typical aging of flue-cured 
types and the more intensive “sweat” of cigar tobaccos. 
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The sweat processes (Table I, Nos. 4 to 11), on the other hand, are 
characterized by high initial moisture contents of the tobacco (up to 
50%), by the generation of considerable amounts of heat within the 
sweating units (bundles, bulks, cases) of tobacco, and by losses of dry 
weight in amounts from 10 to 20%. In its more refined modifications, 
the sweat process is carried out in successive stages (Table 1, Nos. 4, 6, 
7, and Section IIIB). 

Between these two basic principles of tobacco processing there ex¬ 
ists a wide range of intermediate and diversified methods of fermen¬ 
tation. These individual methods are modulated according to the 
types of tobacco and the desired endproducts, adapted to the chang¬ 
ing character of the annual crops, and varied in conformity with the 
traditions, experience, and ('conomii considerations of the individual 
manufacturers. 

An enumeration and description of all the special forms of tobacco 
treatment could hardly serve tiie purpose of this survey. Instead, 
we shall attempt here first to point out the common and characteristic 
features of the tobacco fermentation and to discuss then, in more detail, 
the evidence which has been gathered on the chemical background 
of the two processes of sweat and of aging. Besides representing the 
two extremes of fermentation, these two processes are the only ones 
that have been studied in detail from a scientific angle. 


B. l^LKTERNAL SYMPTOMS OF THE FERMENTATION 
1. Qualitative Changes 

The fact that tobacco leaves show a much improved smoking quality 
(a corresponding improvement of the '‘taste” is obtained with chew¬ 
ing and snuff tobaccos) after their proper aging or fermenting is closely 
related to the manifold chemical changes which occur in their tissues 
during these treatments. This point will be discussed in more 
detail later after an outline has been given of our present knowledge 
concerning the nature of these chemical conversions. 

Parallel with the progress of aging or fermentation, the response 
of the tobacco leaves is manifested by various symptoms. Their 
odoVy color, and texture change in a characteristic way. Skilled tobacco 
experts judge from these effects the speed at which the processing of 
the leaves advances. 
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(a) Aroma. The odor of flue-cured tobacco develops from a 
^^green/^ hay-like stage through a rather horehound-like, sometimes 
rancid, phase into the fruity, spicy, and mellow aroma of the fully 
aged leaf (45). Cigar tobaccos initially have a pungent and “raw’^ 
smell that gradually gives way, with the progress of the sweat, to an 
aromatic, partly ammoniacal, aroma. These odors of the leaves at 
the various stages of processing are distinctly different from the odors 
they develop on smoking, but nevertheless an obvious parallelism 
exists between the improvement of both. As long as these qualita¬ 
tive effects cannot fee correlated to coruase and quantitative chemical 
data, the changes of the tobacco odor, as important as they are for the 
industrial practice, can contribute but little to a better understanding 
of the underlying (ihemical conversions. It is even questionable 
whether the compounds that cause the desirable aroma of the leaves 
are actually formed as a result of the fermentation, or whether they 
were present in the leaves from the very start and merely remained 
hidden due to the presence of malodorous or irritating substances 
removed in the later stages of the fermentation. 

(b) Color. Another sign displayed by a properly aging or fer¬ 
menting tobacco leaf is a (‘haracteristic^ change of color. As a rule 
the leaves assume more uniform, duller, and darker shades during 
the processing. Flue-curtid tobacjc.os turn from a ‘Tashy yellow’^ into 
a less lively orange to reddish yellow. Cigar filler tobaccos develop 
increasingly darker shades of brown which lack the glossy luster of the 
fermented leaves. Just as the changes of odor, these mutations of 
color are significant but purely qualitative effects the analysis of which 
would require a better knowledge of the chemical mechanism re¬ 
sponsible for the observed external changes. 

(c) Texture. The same applies for the changes of the leaf tex¬ 
ture accompanying the fermentation. A characteristic sign of a 
successful fermentation is the disappearance of the gummy surface 
layers which impart a sticky and glutinous feel and a “waxy’’ appear¬ 
ance to the shed-cured leaves. After removal of the gums, the leaf 
surfaces have the velvety touch of a fine blotting paper, sometimes 
with indications of a definite “grain-like” structure. The structural 
changes do not remain limited to the leaf surface. With continuation 
of the sweat process, the texture of the entire leaf is gradually weak¬ 
ened and becomes more tender and finally brittle. This effect, 
however, reaches larger proportions only in the intensive forms of 
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fermentation. Aging operations and the milder types of sweat as 
applied to cigar wrapper and binder leaves are not advanced to a 
point at which the tensile strength and elasticity of the leaves are seri¬ 
ously impaired. 


2. Quantitative Effects 

Fermenting tobacco not only shows these qualitative signs, but 
simultaneously undergoes a number of changes accessible to quantita¬ 
tive measurements. The possibility of expressing these effects nu¬ 
merically does not in itself, however, assure a much better under¬ 
standing of the fermentation process. Rather, these over-all effects, 
such as the loss of dry weighty th£ generation of heat, the absorption of 
oxygen and evolution of carbon dioxid'^, ammonia and othei gases, the 
change of the pH, of hygroscvpicity, and of fire-holding capacity are of 
such a general nature that their interpretation in terms of specific 
chemical or physical transformations in the tobacco leaves must re¬ 
main more or less hypothetical as long as they cannot be supported 
by additional independent data. From a practical viewpoint, the 
quantitative changes can serve, just as the qualitative effects discussed 
above, as indicators of the intensity and speed of the fermentation, 
with the additional advantage of permitting numerical comparisons 
where required. 

(a) Loss of weight. In Column 9 of Table I, average values are 
listed for the losses of dry weight observed for various types of 
tobaccos and tobacco fermentations. These losses are not identical 
with the decrease of total weights, which include in addition the 
(changes of the moisture content of the leaves. The more intensive 
the type of fermentation, the greater are, as a rule, the losses of solids 
by the leaves (12,04,86,213). As can be seen from Table 1 (Column 
9), as much as 18% of the solids of the tobacco leaves can disappear 
in an intensive sweat. It would, however, be erroneous to expect 
that these losses of solids are absolutely reliable indicators of th(^ ex¬ 
tent to which the tobacco leaves respond, in the desired fashion, to 
their treatment. Although the successful sweat of cigar tobacco is 
usually coupled with weight losses, the reverse is not necessarily true : 
Under certain conditions a given tobacco sample may show, as a re¬ 
sult of its processing, a considerable decrease of solids, without ac¬ 
quiring the quality of a well-fermented specimen. On the other hand, 
the improvement of flue-cured cigarette tobaccos by aging occurs with 
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very little, if any, losses of solid leaf components. It may be well to 
point out here that losses of dry weight indicate merely that, among 
other reactions, a drastic degradation of certain leaf components takes 
place, with the formation of volatile products of decomposition or 
oxidation, as carbon dioxide, water, ammonia, methyl alcohol, and 
other gases and vapors. Many observations indicate that, along 
with these drastic chemical reactions, finer, but equally, or even more 
important, conversions are effected in the leaf tissues without the evo¬ 
lution of volatile products and without corresponding losses of solids. 

(b) Generation ofJHeat. Temperature Increase. The slow com¬ 
bustion of certain leaf components to carbon dioxide and to other 
volatile products is, as may be expected, an exothermic process. 
Considerable amounts of heat are generated during the types of fer¬ 
mentation that involve measurable losses of solids. Here, the aging 
process differs again from the other types of tobacco processing; 
only negligible amounts of heat are generated in the hogsheads con¬ 
taining flue-cured cigarette tobaccos. As to the magnitude of the 
caloric effects^ there is no lack of observations regarding the spon¬ 
taneous temperature increases in fermenting tobacco. 

Interesting studies on th(5 local distribution of th(} temperature zones in large 
bulks of fermenting tobacco were made by K. Hirmke (87), who determined the 
location of the lines of equal temperature (isotherms) by spotting the interior of 
the bulks with thermometers. Detailed temperature measurements are also re¬ 
ported in a paper by Whitney, Milton, and Means (243). 

The temperature increase is another phenomenon by which the 
progress of the fermentation may be judged and, to a certain extent, 
controlled. In many types of sweat procedures, the tobacco is per¬ 
mitted to heat up only to a certain temperature ceiling, usually to 
5()-55°C.; temperature increases beyond this value are prevented by 
taking the sweating mass of tobacco apart and by repacking the 
leaves after they have been cooled and aired (12,31,87,97,98,102,141, 
147,187,188). 

In repacking, the location of the leaves in the new bulk (or case) is changed in 
such a manner that leaves which have been inside the sweating mass are now placed 
at its outside and vice versa. 

From a scientific viewpoint, the temperature increases are second¬ 
ary effects, caused by the evolution of a given number of calories in 
the sweating masses of tobacco. The same quantity of calories pro- 
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duced by exothermic reactions can lead to very different temperature 
increases, depending on the time during which the heat is generated 
and on the losses of heat by convection, radiation, and simultaneous 
evaporation of moisture. 

It is obvious that the losses by convection and radiation will be determined 
by the size, density, and structure of th(‘ units in which the tobacco leaves are 
packed together as well as by the temperature, humidity, and air movement of the 
surrounding atmosphere. The internal temperature of large bulks can increase 
by as much as 50 to 60 °C. above the ambient temperature, whereas, in smaller 
units, such as cases or bales, the incn^ases are usually limited to values of 3 to 6°C. 
above the room temperature. The heat losses by evaporation of water will depend 
on the same factors, and furth(;r on the amount of initial moisture contained in 
the tobacco. 

Considering all these coniplicating factors and the fact that the 
generation of heat is a process that usually extends over many weeks 
and is often interrupted by “rebulking’' or “recasing,it is not aston¬ 
ishing that only meager data are available as to the actual total 
number of calories which are generated by a given amount of tobacco 
during its fermentation. Some efforts have been made to calculate 
the total caloric effect from the observed temperature increases in 
large bulks of sweating tobacco by estimating the simultaneous losses 
of heat to the surrounding atmosphere, including the losses to the air 
which diffuses through the bulk, and by taking into account the caloric 
requirements for the evaporation of moisture from the fermenting 
tobacco. With the help of numerous assumptions K. Hirmke (87) 
has thus estimated values of about 215 Cal. and 240 Cal. per kilogram 
of tobacco, for the total heat produced by the bulk fermentation of 
two types of Galician tobaccos, the weight loss of which, during their 
bulk fermentation, amounted to roughly 5%. 

(I) Decrease of the Heat of Combustion. More reliable information on the total 
caloric effect in tobacco fermentation can be obtained by determining the heat 
of combustion of a given quantity of tobacco before and after its fermentation. 
Together with precise measurements of the loss of solids, these measurements 
would yield an adequate set of data from which to calculate the loss of “heat 
content’' during fermentation, independent of any estimates based on the tem¬ 
perature effects that have occurred. To the author’s knowledge, data of this kind 
are not available except for two determinations of the heats of combustion of an 
Oriental air-cured cigarette tobacco,* which have been reported by A. I. Smirnov 

* Unfortunately, no data were given in the literature accessible to the author on 
the weight losses obtained for the fermentation of this specific batch of tobacco. 
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(202). The heat of combustion of 1 kg. of this tobacco was 4476 Cal. before its 
fermentation; after fermentation at 35®C., its heat of combustion was found to 
be 4280 Cal.; after fermentation at 50°C., the heat of combustion was 4339 Cal. 
Assuming for this type of air-cured tobacco a total loss of dry weight during fer¬ 
mentation of 3%, we derive the total amount of Calories generated during the fer¬ 
mentation by 1 kg. of the tobacco from the expression: 

4476 ~ (0.97 X 4280) = 3U Cal. and 4476 - (0.97 X 4339) = m Cal. 
or an average value of 395 Cal. 

It is gratifying that this value, although it was derived by a method completely 
different from the evaluation procedure used by Hirmke, is nevertheless of the 
same order of magnitu3?. However, it appears lik(4y that th(‘ values estimated 
by Ilirmke are too low, considering that the more intensive fermentation discussed 
by him is bound to produce a larger caloric effect than does the relatively mild 
fermcmtation investigated by SmirjpLOv. The total heat evolution of 295 Cal. would 
bring the tobacco up to about 300 ®C. if all the exothermic; reactions within the 
leaves would occur suddenly in an adiabatic systcun. Actually, the slowness of 
the heat-producing reactions and the heat losses due to convection, radiation, and 
evaporation permit only modest temperature increases, which, however, persist 
over a long period. 

In using Smirnov’s data some furth(;r semiquantitative estimates can be at¬ 
tempted : 

(3) The Heat of Combustion as a Function of the Leaf Composition. By con¬ 
sidering the average chemical composition of an air-cured Oriental cigarette 
tobacco of the type for which Smirnov determined the lu;at of combustion, and 
by taking into account the specific heats of combustion of the various leaf constitu¬ 
ents, we obtain from the literature (2,9,15,17,20,27,70,71,106,141,161,165,173, 
197,200,201,203,214,229) the values listed in Table 111. 

With Smirnov’s value for the total heat of combustion equal to 4476 Cal. per 
kilogram, the contribution of the 14.2% of unknown organic leaf components listed 
in Table III is found to equal about 1055 Cal., or about 7.4 Cal. per gram. This 
may indicate that the unknown leaf components are more closely related to phe¬ 
nols and resins than to compounds rich in hydroxyl groups whose specific h(;ats of 
combustion lie below 7.4 Cal. per gram. However, the limited reliability both of 
the measured heats of combustion and of the heats calculated in Table III makes 
this deduction a probability rather than a well-founded conclusion. For a more con¬ 
cise and more trustworthy evaluation, it would be necessary to determine for om' 
given type of tobacco, with the highest possible accuracy, its heat of combustion, 
its loss of weight, and its ch(;mical composition at successive steps of the processing. 

{3) Coordinating the Decrease of Total Heat of Combustion with the Conversions 
within the leaves. As to the decrease of the heal of combustion caused by the fer¬ 
mentation, a coordination of this effect with the chemical changes during fermenta¬ 
tion can be attempted as follows. According to various data in the literature, an 
Oriental type of air-cured cigarette tobacco loses approximately 3% of its dry 
weight as a result of its fermentation (165,200,201). Analytically, it shows, after 
the fermentation, an average loss of 2.0% carbohydrates, 3 5% citric and malic 
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TABLE III 

Calculation of Hkat of Combustion of an Oriental Type of Cigarette 

Tobacco 


Component 

(1) 

Percentage 
of dry wt., 
air- 0 ured stage 
(«) 

Heat of 
combustion 
of 1 g. of each 
component, 
in Cal. 

(V 

Contributions to 
total heat of 
combustion of 

1 kg. of tobacco, 
in Cal. 

U) 

Ash. 

11.0 

0 3 

33“ 

Cellulose and lignin. 

10.5 

4 6 

483 

Pentosans. 

2.0 

4 0 

80 

Pectins. 

9.0 

4 0 

360 

Oils, resins, waxes, fats. 

7.5 

9 5 

713 

Phenols, polyphenols, tannins. 

1.8 

6.8 

122 

(Htric and malic acids. 

10 0 

2.4 

240 

Oxalic acid. 

1.0 

0.7 

7 

Other unknown organic acids.. 

3.5 

3.0 

105 

Proteins. 

5.6 

5.6 

314 

Amino Acids. 

CO 

3.9 

137 

Ammonia. 

0.4 

3.5 

14 

Nitrates. 

1.0 

None 

None 

Alkaloids. 

15 

8.9 

133 

Poly- and monosacchai’ides. . . 

.. 17.5 

3.9 

680 

Unknown. 

14.2 

Unknown 

Unknown 

Total . 

.. 1000 


3421 + un- 


known amt. of cal. for combustion 
of 14.2% of unidentified components 


“ Mainly heat of reaction: K. 2 O + COj —► K-iCOn. 


acids, 1% pectins, about 0.2% nicotine, 0.15% ammonia, and small additional 
decreases of the analytical values for chlorophyll, pento.sans, polyphenols, and 
amino acids (27,106,161,165,200). All the.se values represent percentages of the 
dry tobacco weight before fermcmtation. Add('d up, the “analytical” decreases 
Yield a value of more than 7% of the tobacco wcught against an actual loss of total 
weight of only 3%. This makes it clear that only a fraction of the ^^anahjtically 
disappearing” leaf components can actually have been lost from the leaf (see page 398). 
Rather, most of these components have evidently remained in the leaves, but 
have undergone chemical tran.sf()rmations that deprive them of the properties on 
which their previous analytical determination was based. For every individual 
type of tobacco and kind of fermentation the nature of these chemical changes 
has to be known approximately before they can be evaluated in terms of caloric 
effects. 

Specifically, the following conversions seem to cause the “analytical disappear¬ 
ance” of the leaf components mentioned above in the Oriental-type cigarette 
tobacco we are discussing; 
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1. Carbohydrates: Complete oxidation to CO 2 and H 2 O (respiratory combustion). 

2. Citric and malic acids: Decarboxylation and dehydrogenation to a-keto acids 
(citric acid —► acetone dicarboxylic acid; malic acid —► pyruvic acid) (59.)* 

3. Pectins: Decarboxylation of the galacturonic acid component, and split-off of 
methyl alcohol. 

4. Nicotine: About 30% loss by evaporation and about 70% oxidation (see page 
393). 

5. Ammonia: Loss by evaporation. 

6. Chlorophyll^ phenols^ pentosans^ amino acids: Partial oxidation. 

This chemical interpretation of the analytically observed decreases of various 
leaf components can now be approximately expressed in terms of the correspond- 

TABLE IV 

Analytical Changes Caused by Fermentation of an Oriental Type of 
Cigarette Tobacco and Their Evaluation in Terms of Caloric Effects 
AND OF Carbon Dioxide Evolution 


Leaf 

components 

Type of 
change 

Correspond- 

“Analytical ing actual 
decrease” loss of wt., 
in % of dry in % of dry 
tobacco tobacco 

wt. wt. 

Loss of 
heat of 
combustion, 
Cal./kg. 
tobacco 

Evolution 
of CO 2 , 
g./kg. 
tobacco 

Carbohydrates 
(poly- and 
monosac¬ 
charides) 

Total combustion, 
as in respiration 

2.0 2.00 

78 

35 

Citric and 
malic acids 

Decarboxylation 
and dehydro¬ 
genation to 
keto acids 

3.5 0.80 

17 

8 

Pectins 

Decarboxylation 
of galacturonic 
component, de- 
methoxylation 

1.0 0.3G 

9 

2 

Nicotine 

30% loss as such, 
70% oxidized to 
various products 

0.2 0.07 

4 


Ammonia 

Loss as such 

0.15 0.15 

6 

— 

Chlorophyll, 
phenols, 
pentosans, 
amino acids 

Partial oxidation 

0.25 — 

(estimate) 

Small 


Total . 


. 7.1 3.38 

m 

45 


ing losses of weight, in terms of caloric effects, and of the evolution of carbon di¬ 
oxide, as shown in Table IV. 

The calculated loss of weight of 3.4% agrees well enough with the actual average 


* See Part I, page 359, concerning the cycle of successively formed products, 
including citric and malic acids, as well as a-keto acids for the chemical path of 
carbohydrate oxidation. As to new evidence for the operation of this, or a similar, 
cycle of oxidative steps in the tobacco leaf, see Vickery et ah (169,217). 
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observed loss of 3.0%, particularly if we consider all the assumptions made in 
obtaining this value. 

{Jf) Decrease of Specific Heat of Combustion of Tobacco during Fermentation, 
As to the value of 114 cal. just calculated for the decrease of the heat of combustion 
after fermentation (see Table IV) it must be emphasized that this quantity was 
evaluated by taking into account merely the effects which are linked to the physical 
disappearance {weight loss) of fractions of certain k^af components. This calcula¬ 
tion by-passed the second cause for the diminished h(iat of combustion, namely, 
the partial oxidation of leaf components to substances which remain within the leaf 
tissues and which yield, on combustion, lower caloric effecjts than they would have 
yielded before their partial oxidation. 

In other words, this second caloric effect is due to a lowering of the specific heat 
of combustion of th(5 organic leaf matter remaining in the fermented tobacco. By 
using Smirnov’s data (see page 338) for th(‘ hefits of combustion and by taking into 
account a weight loss of 3%, we can (‘stimate ihf* amount of caloric degradation of 
the remaining organic loaf components. ; )r simplicity’s sake, we shall use, in 
this calculation, th(‘ average of Smirnov’s two “after fermentation’’ values, namely 
4310 Cal./kg. for the heat of com’justion of the fermented tobacco. For 1 kg. of 
tobacco l>efore and after fermer.cation the baiance sheet shown by Table V can 
then be made up. 


TABLE V 

Heats of Combustion of Organic Matter in an Unfermented and in a 
Fermented Sample of an Oriental Type of (hoARETTE Tobacco That 


Lost 3% of Solids during Fermentation 


Stage of 
processing 

Ash, 

g./kg. 

tobacco 

Organic 
su bstances, 
g./kg. 
tobacco 

Heat of 
combustion, 
in Cal. 
found 

Specific 
heat of 
combustion 
of 1 g. organic 
substance, 
in Cal. 

Before fermentation 

110 

890 

4476 

5.03 

After fermentation 

113.3 

886,7 

4310 

4.86 


Thus, t he over-all heat of combustion of organic substances left in the leaves 
after fermentation has decreased from 5.03 Cal./g. to 4.86 Cal./g. or by 0.17 Cal./g., 
as a result of the reactions they underwent during fermentation. Being an “over¬ 
all” value, this caloric change is an integral quantity and covers substances that 
remain completely unchanged both chemically and in a caloric sense, as well as 
compounds that change considerably with corresponding decreases of their heats 
of combustion. For the 890 g. of organic substances contained in 1 kg. of dry 
leaves, the total decrease of hi;at of combustion due to caloric degradation amounts 
to (0.17 X 890) = 151 Cal. As pointed out on page 338, the total decrease of the 
heat of combustion of 1 kg. of unfermented tobacco was found to be equal to ^95 
Cal. The difference between both values, or (295 — 151) = 144 Cal.^ corresponds, 
according to this derivation, to the heat of combustion of the compounds, or frag- 
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merits of compounds, actually lost during the fermentation and which amount to 
about 3% of the dry weight. Independently (see Table IV), a value of 114 Cal. 
was calculated for the same quantity by making certain assumptions about the 
chemical background of the weight lost during fermentation. 

{5) General Conclusions from the Caloric Effects. The calculations 
presented in the preceding paragraphs support the main assumptions 
on which they were based. Particularly, the conclusion appears justi¬ 
fied that the total decrease of the caloric value of a given initial weight 
of tobacco, caused by fermentation, originates from two main fac¬ 
tors: (a) from the loss of definite amounts of certain organic com¬ 
pounds, or fragments thereof, by evaporation or combustion; and 
(6) from an over-all decrease of the heat of combustion of the bulk of 
organic matter in the leaves, due to the caloric degradation of certain 
constituents caused by partial oxidation and by other exothermic 
reactions. 

In many studies of tobacco fermentation, attention was directed 
exclusively to the first of these two factors only, f.c., to the fact that 
certain compounds ^‘disappear'' as a result of the fermentation. Far 
less effort has been devoted to attempts of discovering what happens 
in a chemical and specific sense to the various substances remaining in 
the leaf tissues and which, after fermentation, escape the net of con¬ 
ventional analytical tests. There can be no doubt that the search 
for individual hitherto unknown transformation products and the 
development of quantitative methods for their determination presents 
a tougher problem to the tobacco chemist than the relatively simple 
detection of mere ‘^analyticah^ losses among the compounds for which 
accurate or conventional analytical methods are at hand. Both the 
scientific as well as the practical aims of tobacco chemistiy will benefit 
from a deeper chemical penetration into the sector of unknown, or 
only vaguely known, transformation products. That such a search 
may lead to positive results can be concluded from recent progress on 
the fate of the alkaloids in fermenting tobacco (see Sect. IIIC4g). 

(c) Carbon Dioxide Evolution. As a side-product of the calcula¬ 
tions listed in Table IV, a value was derived for carbon dioxide 
evolution during the fermentation of an air-cured Oriental-type 
cigarette tobacco. This value was based on certain assumptions 
about the chemical nature of the reactions which lead to the ob¬ 
served analytical decreases of carbohydrates, organic acids, and addi¬ 
tional leaf components. 



CHEMICAL CHANGES IN THE HARVESTED TOBACCO LEAF 343 


Just as for the caloric effects, numerous qualitative observations 
have been made in regard to the evolution of carbon dioxide during 
the fermentation of tobacco. The slowness of this process and the 
difficulty of collecting the gases quantitatively without disturbing the 
fermentation process make a determination of the total amounts of 
carbon dioxide almost as difficult as the measurement of the total 
caloric effects. Thus, only estimates can be derived from the data 
given in the literature (57, 205). 

In a study of Volgunov (202), the daily yields of CO 2 produced by two types of 
Russian cigarette tobaccos were determined over several weeks. Various meas¬ 
urements were made for varied temperatures of the tobacco and for different 
humidities of the surrounding atmosphere. For our purpose, among the data 
reported by Volgunov those for a tobacco ueiiiperature of 50°C. ami a relative 
humidity of the storage room of 60% are appropriate because these conditions are 
closest to those employed in the usual fermtmtation process of this tobacco type. 
Under these conditions, the daily output of CO 2 was similar for both tobacco types 
and amounted to about 620 mg. })er day per kilogram of tobacco, or, over a fer¬ 
mentation period of 60 days, to a total CO 2 evolution of about 25 to 37 g. by 1 kg. 
of tobacco. * This value is of the same order of magnitude as the 45 g. COa/kg. 
tobacco which we calculated by means of chemical considerations as the total 
yield of CO 2 during the fermentation of an Oriental cigarette tobacco. 

Another report on carbon dioxide generation has been published by Zaporojanu 
(248) for the cigarette tobacco variety “Virginia Bright” grown in Rumania. 
This tobacco corresponds roughly to an air-cured type. Most of Zaporojanu's 
measurements were made during shed curing. In curing, the CO 2 evolution 
amounted to about 212 g./kg. tobacco. If we assume, in first approximation, that 
this carbon dioxide evolution was exclusively due to the complete combustion of 
carbohydrates, the corresponding loss of dry weight of the tobacco should amount 
to about 15%. The actual weight loss was 19 to 20%. This fairly good agreement 
makes it likely that a similar relationship between the loss of dry weight and the 
carbon dioxide generation also prevails for the subsequent fermentation of this 
Rumanian tobacco. The fermentation was carried out after the completion of shed 
curing, and Zaporojanu reports an average weight loss during the “aging” of the 
tobacco of 3.5% of solids. This value would lead to a CO 2 evolution of about 48 
g. C 02 /kg. tobacco, an amount of the same order of magnitude as the values of 
37 g./kg. and 45 g./kg. derived above. 

Jensen and Parmele (96) measured the total amount of carbon dioxide produc¬ 
tion over 4 days with small batches of a cigar leaf tobacco kept at conditions simu¬ 
lating those of fermentation. They found an average generation of 2.30 g. CO 2 
per 100 g. tobacco, which corresponds roughly to a total CO 2 generation, over the 
entire phase of fermentation, of 60 to 90 g. C02/kg. tobacco. (For this estimate, we 
assume a gradual decline of the daily CO 2 generation over the entire period of 

* The daily yield of CO 2 remained practically constant over the test period of 32 
days in Volgunov’s experiments. 
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fermentation in accordance with the observations of Smirnov, 202.) As is to be 
expected the total output of carbon dioxide is larger by a factor of two to three 
for the fermentation of this cigar tobacco than for the aging of an air-cured 
cigarette tobacco. 

Although these results indicate that, for certain tobacco types and methods of 
fermentation, the disappearance of carbohydrates runs closely parallel to the 
generation of carbon dioxide, it would be erroneous to expect this parallelism to 
hold for all kinds of aging and fermentation and for all the phases of these proc¬ 
esses. In fact, we shall see that a typical flue-cured tobacco loses, “analytically,” 
considerable amounts of carbohydrates without a corn'sponding generation of car¬ 
bon dioxide. On the other hand, there is evidence for the occurrence of reaction^ 
in fermented tobacco yielding quantities of carbon dioxide that exceed the amounts 
which can arise from the simultaneous disappearances of carbohydrates (see page 
349). 

(d) Uptake of Oxygen. (4.) Respiration, The slow combustion of 
carbohydrates and of other leaf components is an aerobic process 
involving the consumption of considerable amounts of oxygen. 
This is confirmed by the finding that tobacco leaves, during all the 
phases of processing including shed curing and fermentation, exert a 
^^respiratory activity^’ characterized by a continuous slow uptake of 
oxygen that runs parallel with the generation of carbon dioxide. The 
difficulty of measuring this oxygen uptake quantitatively throughout 
the various phases of procc‘Ssing, without disturbing the natural re¬ 
sponse of the tobacco, has so far prevented the precise determination 
of the total amounts of oxygen which react with a given quantity of 
tobacco. Measurements carried out over limited periods seem to indi¬ 
cate that in toto the quantities of oxygen (in moles) taken up by the 
leaf tissues are of the same order of magnitude as the amounts of car¬ 
bon dioxide (in moles) given off over the same period. Such a bal¬ 
ance between the two gases is to be expected for the slow respiratory 
combustion of carbohydrates for which the molar ratio CO 2 /O 2 , or the 
respiratory (quotient, R.Q., should be unity. For the respiratory oxi¬ 
dation of other leaf components such as organic acids (malic or citric), 
the R.Q. would be equal to 1.33; for the slow combustion of proteins, 
the R.Q. would lie below unity, close to 0.7. 

Detailed studies, however, have revealed that the way in which 
the oxygen is consumed by tobacco leaves, at least at certain stages 
of their processing, is not compatible with the concept that respiratory 
combustion is the sole effect responsible for oxygen absorption throughout 
the entire fermentation. Both in an initial period and in the final 
stages of the fermentation the consumption of oxygen and the gen- 
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eration of carbon dioxide proceed in patterns which indicate that, 
during these phases, chemical conversions other than respiratory 
oxidation occur in the leaf tissues. The capacity of tobacco leaves 
to absorb oxygen and to liberate carbon dioxide can easily be deter¬ 
mined in ‘‘spot checks’^ on small samples of wetted leaf or on leaf 
particles in water suspension by using the conventional manometric 
method of measuring gas exchange in a Barcroft-Warburg or similar 
apparatus. 

As a rule the ac^ueous iTi(‘dium is buffered, for these clieeks, to the “natural 
pTI” of the leaves (betwt‘en 5 and 6). 

In the living state, as well as during a major part of the shed curing, 
the tobacco leaves, if tested in such r-spiratory checks, show the regu¬ 
lar behavior of normal plant tissues: they maintain a slow but con¬ 
tinuous oxygen uptake and carbon dioxide evolution with a respira¬ 
tory quotient between 0.7 .md 1.0. 

(2) Auioxidalion. At later stages of curing, however, definite 
changes seem to occur in the tobacco leaves. Respiration studies 
carried out with leaf samples at this point reveal a (luite different type 
of gas exchange. Instead of the previous moderate but steady uptake 
of oxygen coupled with a simultaneous liberation of approximately 
ecluimolar amounts of carbon dioxide, the leaves absorb instantane¬ 
ously relatively large amounts of oxygen. At the same time a mere 
fraction of the equimolar amount of carbon dioxide is liberated; 
and the R.Q. is depressed, accordingly, to values as low as 0.2. This 
high oxygen uptake declines rapidly during the respiration check and 
drops to one-fifth to one-tenth of its initial value in a few hours. As 
the carbon dioxide evolution decreases but little over the same 
period, the low initial R.Q. increases gradually and reaches its normal 
value of 0.8 to 0.9 after a few hours of an abnormally high but con¬ 
tinuously declining oxygen uptake. 

The following experimcmtal data (60) may illustrate these effects. Wetted 
(25% moisture) leav(;s of Pennsylvania Seedleaf tobacco (U. S. Type No. 41), 
were fermented after casing and “natural sweat” (see Table I) in gas-tight con¬ 
tainers. On admission of fresh portions of air, they show(;d an initial rapid uptake 
of approximately 0.4 mg. O 2 or of about 12 micromoles O 2 for 1 g. tobacco dry 
weight; the simultaneous evolution of carbon dioxide was estimated to be not 
more than 0.12 mg. or about 2.9 micromoles CO 2 for 1 g. tobacco (R.Q. = 0.24). 

Smirnov and Morozenko (204) reported for particles of an unfermented Ori¬ 
ental-type cigarette tobacco, which were suspended in water, an uptake of about 
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0.2 mg. O 2 , or of about 6 micromoles O 2 , for 1 g. of the tobacco particles over one 
hour during which the suspension was shaken continuously. The simultaneously 
generated amount of carbon dioxide amounted to only 0.065 mg. or to about 1.5 
micromoles (R.Q. = 0.25). 

In a special study, E. A. H. Roberts (180) investigated the respiratory activity 
of the leaves of a cigarette tobacco grown in India at various successive stages of 
the flue-curing process. As long as the leaves had been exposed in the curing barn 
to temperatures not exceeding about 55 °C. samples withdrawn for spot tests, if 
suspended in buffered water (pH = 5.8) showed a normal respiration and R.Q. 
between 0.7 and 1.0. However, shortly after the tobacco in the curing barn had 
been exposed to temperatures above 55°, newly withdrawn leaf samples, if sus- 
p(mded in water and tested in the Barcroft-Warburg apparatus, rapidly took up 
considerable amounts of oxygen with the simultam^ous liberation of only small 
amounts of carbon dioxide. The R.Q. during the first half hour of these tests 
was about 0.3, but increased within two hours to the normal value of 0.9 due to 
the decline of the oxygen absorption. A significant effect occurs simultaneously 
with this suddenly appearing capacity of the flue-cured leaves to absorb excessive 
amounts of oxygen. On contact with water, the yellow leaves assume a brown 
tint and give off a reddisii brown substance into the surrounding liquid. Accord¬ 
ing to Roberts, this solution ‘Ogives all the reactions for a polyphenol.” This 
observation and the uptake of excessive oxygen without the generation of corre¬ 
sponding quantities of carbon dioxide are interpreted by Roberts as signs for the 
appearance of easily oxidizable polyphenols in the leaf tissues at this stage of the 
curing process. This conclusion is also strongly supported by the observation of 
various Russian authors that the uptake of excessive quantities of oxygen by 
tobacco suspensions can be further enhanced by the addition of hydroquinone, 
i.e.f a typical diphenol, to the suspensions. That no such action of polyphenols 
as oxygen acceptors is previously apparent in the intact tobacco leaves and during 
the first stages of the curing, but requires a prior treatment of the leaves with tem- 
p{‘ratures above 55 °C. followed by their contact with water, is explained by 
Roberts as follows. Ph(moniena observed with other plant tissues* indicate that 
the permeability of the protoplasmic membranes in leaves undergoes a sudden 
increase between 50-60 °C. As a result of this change, the cytoplasm becomes 
freely permeable to all solutes of the vacuole, and oxidizable substances such as 
polyphenols will suddenly gain access to areas where they become exposed to the 
combined action of oxygen and of enzymes of the oxidase type. 

That the excessive oxygen uptake by cured tobacco leaves repre¬ 
sents an autoxidative process of certain leaf components is also sup¬ 
ported by quantitative considerations. The amounts of excess oxy¬ 
gen absorbed by tobacco leaves in gas exchange tests are in reasonable 
agreement with the quantities of oxygen that can be expected to 
react with the “polyphenols’^ and related oxidizable substances con- 

* Observations are quoted for Mimosa pudica pulvinus and for tea leaves (179, 
181,182), 
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tained in the leaves if the analytically found amounts of these sub¬ 
stances are taken into account. For instance, the total excess oxygen 
absorbed in one test described by Roberts amounted to about 19 
micromoles O 2 per gram of the leaf tissue (80% moisture), or to some 
100 micromoles O 2 per gram of dry leaf weight. This value corre¬ 
sponds to the oxygen consumption which would have to be attributed 
to roughly 3 to 6%* (dry weight of tobacco) of quercetin, a typical 
polyphenol of the flavonol type and a component of rutin, which is a 
known constituent of tobacco leaves. Analytical determinations by 
various authors indicate the presence of polyphenols in tobacco leaves 
of the order of 2%. It must be considered that these analytical 
values have been obtained by rather crude methods (Sect. IIIC2g) 
and that the results of these analyses are usually expressed in terms 
of ^‘glucose,’’ a practice that may easily lead to percentages which are 
too low by a factor of two Roberts calculated from manometric 
measurements carried out, under other conditions than the usual res¬ 
piration tests (O 2 uptake in an alkaline medium), independent esti¬ 
mates of roughly 4.5% ‘^quercetin’^ or 9% ^^rutin’^ of the dry weight. 
It is, of course, an oversimplification to express the sum of oxidizable 
substances in the tobacco leaves in terms of quercetin or rutin. 
Couch found only up to 0,6% of rutin in ingarette tobacco leaves 
(35-37). Rather, a considerable amount of the autoxidizable com¬ 
ponents will probably consist of many different substances. Of these 
we may mention the flavonols and tannins, as well as compounds be¬ 
longing to chemically different classes which in common with the 
polyphenols have the property of being easily oxidized in an aqueous 
medium and in the presence of the enzymic; oxidase system of the 
leaves without liberating carbon dioxide in this process. Not only 
the polyphenols and tannins, but also amino acids, ascorbic acid, un¬ 
saturated fats, and resins may function as substrates in these autoxi- 
dation effects, particularly if the polyphenols act as oxygen transfer¬ 
ring agents. 

See also page 383, concerning the oxidation of amino acids in the presence of 
amino acid-quinone complexes as redox catalysts, and the footnote on page 374. 

(S) Mechanism of Autoxidation. Whatever the specific chemical 
interpretation of these autoxidations or dehydrogenations may be, it 

* Depending on which assumption is made for the stoichiometric relation of 
oxygen uptake (one or two oxygen atoms) by one molecule of quercetin or rutin. 
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seems well established that, at the end of the curing process, easily 
oxidizable constituents of the tobacco leaves have been shifted into 
positions in which they can participate in chemical conversions that 
are important for the fermentation process. For their oxygen uptake 
a minimum content of water in the leaves appears to be indispensable, 
and it is significant that one of the most critical factors in starting 
and controlling the more intensive forms of fermentation is the amount 
of water introduced into the leaf tissues. The oxidation of the 
“polyphenols” is a significant effect not only per se, but also in view 
of the possibility tjj^t these compounds may act as oxygen-transfer¬ 
ring agents, and as mediators for the oxidation of other leaf compo¬ 
nents which, without such mediation, would remain unchanged. 
Roberts (179-182) expresses the opinion that the phenolic compounds 
may introduce, via a dynamic change between their hydroquinone 
and quinone forms, the direct oxidation of hydroxy acids and carbo¬ 
hydrates. Thus, the aedions of the autoxidizable c.ompounds are pos¬ 
sibly of great importance for the entire fermentation process. 

The autoxidation of the “polyphenols” requires: (7) their trans¬ 
port to locations in the leaf tissues where they can contact other re¬ 
actants; (^) a minimum amount of water; and (5) the presence of 
enzymes of the oxidase type, or, more generally, of oxidation (catalysts 
in the leaf tissues. 

In flue-cured leaves, the first of these demands is apparently satis¬ 
fied, according to Roberts. However, the second and third con¬ 
ditions are not complied with due to the rapid removal of most of the 
moisture from the leaves and to the inactivation of the oxidative 
enzymes by the high final temperatures of the flue-curing process. 
As a result, the polyphenols are “frozen” in Hue-cured leaves without 
further changes. In air-cured cigarette tobacco, and in cigar leaf 
tobacco, however, the autoxidation effects can proceed without seri¬ 
ous obstacles. (According to Couch (36), rutin is found only in green 
and in flue-cured, but not in air-cured, tobacco leaves.) 

As pointed out previously, the oxidation of polyphenols and of 
similarly reactive leaf components probably persists in the form of an 
oxygen-transferring mechanism over an extended period of time after 
the initial effect of the direct oxygen uptake. Concurrently, a slowly, 
but gradually increasing fraction of the oxidizable polyphenols and 
tannins undergoes irreversible oxidations and polymerizations to 
stable end-products. As a result, during fermentation, the tobacco 
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leaves slowly lose their capacity for oxygen uptake. In gas exchange 
tests with leaf samples, Zaporojanu (247) found, for a shed-cured 
cigarette tobacco (Virginia Bright), an oxygen uptake of about 0.22 
mg. O 2 or 7 micromoles (>2 per gram of dry tobacco weight. After 
fermentation, in a corresponding test, the leaves were able to take up, 
per gram, only 0.024 mg. O 2 or 0.77 micromole. 

(e) Decarboxylation. The preceding evidence proves that prop¬ 
erly cured tobacco leaves, with the exception of Hue-cured tobacco, 
possess a transient capacity to absorb oxygen in excess of the 
simultaneously liberated carbon dioxide at the start of their fermen¬ 
tation. Just the opposite effect appears, as a rule, toward the end of 
tobacco fermentation, particularly if the fermentation is carried out 
with large bulks of tobacco. At thi^ stage of the process, the R.Q. 
passes unity, and reaches values of L2 and higher. 

At very high humidities of the .^urrourKling air (95% ndiitivc^ humidity) and at 
simultaneous high temperatun^s of the tobacco (70°(J.), this final preponderance 
of carbon dioxide' (evolution can reach values corresponding to a respiratory quo¬ 
tient of 2.5 to 3.0. This demonstrates tlu; final (untTgc'nce of anaerobic decarboxy¬ 
lations among the conversions within the h'af tissues. Significantly, thes(; de¬ 
carboxylations are favored toward tlu^ end of th(' fi'rmentation wh('n the capacity 
of the tobacco for oxygon uptake nears exhaustion. It is obvious that these 
anaerobic effects will be favored by the lack of oxygen such as develops within 
large masses of fermenting leaves. Among the various components of th(i kiaves 
the organic acids are the most likely source of this anaerobic liberation of carbon 
dioxide (205), particularly those acids which undergo decarboxylations easily, as 
the uronic acids (galact uronic aefid, as a compoiu'ntof th» p('ctins), and the a-keto 
acids (formed from citric and malic acids—see Sect. lIlC2b, and from amino 
acids—see Sect. IITC4e). 

It may be mentioned in this connection that Schlosing (187-189) has found for 
the drastic fermentation of snuff tobaccos that thi' total content of oxygen and 
of carbon dioxide in gas samples withdrawn from the interior of the fermenting 
bulks (;xce(3ded 21 volumes p(;r cent, i.e.y the volume percentage of oygen in air. 
In some instances, Schlosing found volume percentagcis of carbon dioxide plus 
oxygen as high as 35% for this intensive fermentation. This is another indication 
of the existence of anaerobic decarboxylations with the autoxidative and combus- 
tive processes, at least under very drastic conditions of fermentation. 

However, the unraveling of these various types of simultaneous 
reactions, merely by means of the observed ^^gas exchange^’ must re¬ 
main of a qualitative nature unless our knowledge is complemented 
by thorough studies of the individual chemical conversions which the 
various leaf components undergo during fermentation. 
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(f) Evolution of Other Gases and Vapors. The evolution of 
ammonia vapors by fermenting tobacco, particularly by sweating 
cigar leaf filler tobacco, snuff, or chewing tobaccos, is well known 
to everybody who has entered the fermentation chambers in which 
such tobacco types are being processed. We shall see later that the 
total nitrogen content of ^'sweating’^ tobacco decreases usually by 
amounts between 0.01 and 0.60% of its dry weight, or by 0.25 to 12% 
of its original nitrogen content, as a result of the fermentation. A 
considerable part of these losses of total nitrogen must be attributed to 
a volatilization of««<iitrogenous compounds which escape from the 
fermenting leaves into the surrounding air. (As to another cause for 
nitrogen losses in flue-cured tobacco, see page 407). 

An additional source of nitrogcfi losses is possibly caused by a translocation of 
nitrogenous compounds, during fermentation, from the leaf blades into the mid¬ 
ribs of the leaves. As the midribs are usually removed before the analysis of 
leaf samples, such a migratory effect would cause a nitrogen loss from the leaf 
blades without a corresponding evaporation of nitrogenous substances from the 
bulk of fermenting tobacco. Zaporojanu (247) claims to have found indications 
for such a translocation of nitrogenous compounds from the blade into the midrib 
in the fermentation of a Rumanian cigar tobacco. Analyses of samples before 
and after fermentation which wore made in the author's laboratory have shown 
that, in Pennsylvania cigar leaf tobacco, the loss of total nitrogen in per cent of 
its initial amount is practically the same in the leaf blades and in the midribs. 
This seems to prove that, with this tobacco type, translocation of nitrogen from 
the blades into the midribs does not occur during the fermentation. 

A fraction of the nitrogen lost by evaporation corresponds to vola¬ 
tilized ammonia. An escape of ammonia from the leaves is not 
necessarily to be expected, even if ammonia and ammonia compounds 
increase in the tobacco leaves during the fermentation. Rather, it 
will depend on the pll of the tissues, on the temperature and moisture 
of the tobacco, and on the humidity and turbulence of the surround¬ 
ing air, how much, if any, ammonia will be given off by the tobacco. 

Exijeriments (58) which throw some light on the quantities of ammonia lost 
from fermented cigar leaf tobacco were carried out in the author's laboratory by 
withdrawing, in a vacuum, the vapors and gases given off by fermenting Pennsyl¬ 
vania Seedleaf tobacco at a certain stage of the resweat process. The condensate 
consisted mainly of water and amounted to roughly 1 liter per 110 kg. of the 
dry weight of tobacco. This one liter corresponds to about 5^4 of the total amount 
of water lost by this tobacco over the entire duration of its resweat. The aqueous 
condensate contained about 350 mg. NHs and 250 mg. nicotine i>er liter. If we 
assume that the relative amounts of water vapor, ammonia, and nicotine that 
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evaporate during fermentation would remain approximately constant, we derive 
a value of about 15.4 g. for the ammonia and 11.0 g. for the nicotine which would 
escape from 110 kg. tobacco during the entire fermentation process. Thus the 
losses would amount to roughly 0.014% ammonia and to about 0.010% nicotine 
(of the tobacco dry weight), or to about 0.011% ammonia nitrogen and to about 
0.002% nicotine nitrogen. Both these values appear very small when compared 
with the total loss of nitrogen shown by the same tobacco sample at completion 
of fermentation—about 0.30%. An explanation of this drastic discrepancy could 
probably be provided by assuming that the basis of our calculation was wrong. 
It is very likely that the evolution of ammonia and of nicotine from the tobacco 
per unit of water evaporated will strongly increase toward the end of fermentation 
due to the increasing alkalinity of the tissues. More exp('rimental work is needed 
to clarify this point. 

Methyl alcohol has been found to escape in considerable amounts 
from fermenting tobacco. The quantities evolved during fermen¬ 
tation vary between 0.04 and 0.12% of the dry tobacco weight. It 
originates from the demeihox^dation of pectins. Of other com¬ 
pounds, essential oils have been found, in amounts of the same order 
of magnitude as those of methyl alcohol, among the vapors in fer¬ 
mentation chambers (202). Furthermore, volatile acids (formic and 
acetic) seem to be exhaled, particularly from cigarette tobaccos, and 
carbon monoxide has been determined as a component of the gases in 
fermentation rooms in amounts equaling about 20% of those of the 
evaporating methyl alcohol. 

That additional organic substances are volatilized from fermenting tobaccos 
may be suspected from the following considc^ration. An approximate figure for 
the loss of total carbon during the fermentation of Pennsylvania cigar leaf tobacco 
can be calculated from carbon determinations of this tobacco made with samples 
before and after their fermentation by Haley, Longenecker, and Olson (82). In 
assuming a weight loss for this tobacco of about 8% during fermentation, the total 
loss of carbon amounts to about 3.5% of the dry weight of th(‘ tobacco according 
to these determinations. If all this carbon were lost in the form of carbon dioxide, 
this would correspond to an evolution of about 129 g. C 02 /kg. tobacco. This 
amount is considerably larger than the values we estimated previously for CO 2 
generation during the fermentation of an air-cured Oriental-type cigarette tobacco. 
Although it is possible that the more intensive sweat of cigar leaf tobacco results 
in the evolution of larger quantities of carbon dioxide than the fermentation of 
cigarette tobacco (compare the estimated value of 60 to 90 g. C02/kg. cigar leaf, 
page 343), the possibility cannot be excluded that an appreciable part of the loss 
of 3.5% of carbon is caused by the escape from the fermenting leaves of gases 
which, besides carbon dioxide, contain a number of volatile organic compounds. 
So far, only methyl alcohol, essential oils, and organic nitrogenous substances 
have been identified among these products. 



352 


WALTER G. FRANKENBURG 


Any discovery of additional volatile products of a specific chemical 
nature will be valuable for the interpretation of the chemical changes 
in the leaves proper. 

In conclusion of this survey on the gas exchange of fermenting to¬ 
bacco and on the liberation of volatile substances during the process¬ 
ing, it may be emphasized that all the values quoted can vary over a 
wide range, depending on the specific type of tobacco and on the kind 
of fermentation. The available data on oxygen uptake and carbon 
dioxide generation are not contradictory to our present general con¬ 
cept of the main ^emical changes in fermenting leaves. They can 
serve as relative indicators for the intensity and progress of the fer¬ 
mentation. Unfortunately, the unspecified nature of oxygen uptake 
and of carbon dioxide generation prevents the drawing of far-reaching 
conclusions concerning the chemical background of fermentation until 
additional chemical evidence can be correlated with these data. 

(g) Changes of pH. p]asily measured but hard to analyze as to 
causes and significance are the changes in pH that occur as a result 
of fermentation. Usually, pH is determined on aqueous extracts 
of the leaves. Measured in this way it probably represents the result 
of an integration over the pH values which existed at locally different 
“regions’^ in the leaf tissues. 

Essentially, the pH of aqueous tobacco extracts is controlled by a 
buffer system consisting of various water-soluble leaf components. 
Thus, any shift of pH resulting from the fermentation process must 
have its cause in changes of one or more components of the buffer 
system. Among the constituents of the buffer system in aciueous 
tobacco extracts, the following seem to be of particular importance: 
(1) cations and basic substances—K+, Ca^"^, Mg+”^, NH 3 +, pyridine 
bases including the alkaloids, basic amino acids, unknown organic 
bases; (2) anions and acidic substances— SO4 , PO4 , Cl~, 
(NOa)", organic acids like citric, malic, oxalic, pectic, uronic, and 
nicotinic acids, phenols and phenolic acids, and unknown organic 
acids (possibly including hexonic acid). Of lesser importance for the 
buffer action are amphoteric electrolytes such as tho nonbasic amino 
acids and amides. Shifts in the relative amounts of these compo¬ 
nents, or formation of new basic or acidic components will manifest 
themselves in changes in pH. The demethoxylation of pectin to pec¬ 
tic acid, the oxidative change of carbohydrates to hydroxy or keto 
acids, the disappearance of basic substances, as of ammonia or alka- 
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loids, will result in a lowering of pH. The decarboxylation of acids, 
the formation of ammonia from amides, amino acids, and peptides, 
and the oxidation of phenols to quinones will, on the other hand, result 
in an increased pH. Considering these manifold counteracting possi¬ 
bilities, it is easily understandable that pH changes in the leaf tissues 
will have to be accepted as the final result of an intricate complex of 
numerous individual chemical changes and that their straightforward 
interpretation, without a number of additional data, will necessarily 
remain mere guesswork. 

Nevertheless, certain regularities of pH changes are unmistakable. 
The pH of green tobacco leaves at harvest time for both cigar and 
cigarette tobaccos is about the same and lies between the limits of 
4.8 to 5.6. As a result of shed curing, the pH is shifted, for cigar 
tobaccos, considerably to the alkaline side, and for air-caired cigarette 
tobaccos, only moderately: for flue-cured cigarette tobaccos, the pH 
remains practically unchanged. At completion of the curing process, 
the pH of cigar tobacco lies between 5.8 and 6.8, for air-cured ciga¬ 
rette types, between about 5.4 to 5.8, and for flue-cured types, between 
about 5.0 to 5.4. Fermentation and aging increase the gap still fur- 


TABLE VI 

Changes in pH of Aqueous Tobacco Extracts Caused by Aging or 
Fermentation 



pH 




Tobacco 

Before 

After 



type 

aging fermentation 

Change 

Literature 

A. Cigarette 

Flue-cured 





N. Carolina. 

. . 5 25 

4.80 

-0.45 

(38-41,45) 

New Zealand. 

. . 5.56 

5.43 

-0.13 

(5,16) 

Air-cured 





Oriental. 

.. 5.15 

5.00 

-0.15 

(201) 

Hungarian 





2 varieties. 

. . 5.70 

5.42 

-0.28 

(17,19) 

1 variety. 

. . 5.58 

5.75 

+0.17 

(17,19) 

Rumanian 





‘‘Virginia Bright” 





Yellow leaves. 

— 

— 

-0.20 

(248) 

Brown leaves. 

— 

— 

+0.50 

(248) 

B. Cigar 

Wisconsin binder. 

.. 6.7 

7.8 

+ 1.10 

(96) 

Pennsylvania filler. 

.. 6.3 

7.0 

+0.70 

(58) 

Various cigar leaf types. 

.. — 6. 

4 to 7.3 

— 

(171) 
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ther between the ^^alkaline'' cigar leaf types and the “acidic” cigarette 
types, as can be seen from Table VI. 

The pH decreases during aging of flue-cured tobacco and of some of 
the air-cured varieties. However, some air-cured cigarette tobaccos, 
particularly the “brownish types,show an increase in pH. Cigar 
leaf tobaccos, snuff, and chewing tobacco move clearly toward the 
alkaline side during fermentation. For cigarette tobaccos, the in¬ 
crease of acidity with aging is occasionally used as one of the quality 
standards of the leaf. 

(h) Changes in’^ater Retention. The somewhat vague term 
“water-holding capacity,” occasionally also referred to as “hygro- 
scopicity” of tobacco, corresponds to the amount of moisture present 
in the leaves in equilibrium with a certain water content of the sur¬ 
rounding air, at a given temperature. In other words, the water¬ 
holding capacity of a given type of tobacco is a function of both the 
temperature and the partial pressure of the water vapor in the gas 
phase (relative humidity). No systematic measurements have been 
reported of a corresponding family of isotherms for any type of to¬ 
bacco leaf, but one single isotherm for 30°C. has been determined for 
flue-cured tobacco (45). In most of the studies dealing with water¬ 
holding capacity, the moisture of the leaves is measured under arbi¬ 
trarily chosen conditions for the temperature and the relative hu¬ 
midity of the air. Nevertheless, such “spot determinations” can 
serve as indicators for the relative changes of water-holding capacity 
which a given type of tobacco undergoes during its processing, pro¬ 
vided all determinations within a given series are made under identical 
conditions. 

In Table VII a few data of the literature are listed to illustrate the 
decrease in water-holding capacity of a few tobacco types. Such de¬ 
creases have been observed with almost no exception as a result of 
aging or fermentation. The magnitude of the effects, expressed in 
Table VII as “change in % of initial water-holding capacity” de¬ 
pends on the specific conditions under which moisture equilibrium has 
been determined in every individual case. Therefore, as long as no 
complete study has been made of several water absorption isotherms 
for a given tobacco type for its various stages of processing, it has 
only limited significance. 

Chemical as well as physical factors are probably responsible for 
the decrease in water-holding capacity. Among the chemical causes, 
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TABLE VII 


Changes in “Water-Holding Capacity'' (Specific Absorption of Water) 
OF Various Tobacco Types Caused by Aging or Fermentation 


Tobacco 

type 

Conditions under 
which equilibrium 
was measured 

Equilibriui 
content < 

m water 
of the 
>. % 

Change in 
% of initial 
water¬ 
holding 
capacity 

Literature 

Tobacco 

temp., 

®C. 

Relative 
humidity 
of air, 

% 

■ tob&ccc 

Before 
aging or 

After 

fermen¬ 

tation 

A. Cigarette Leaf 

Flue cured. 

39 

50 

9.5 

4.0 

-55 

U5) 

Oriental air-cured.. 

30 

80 

28. 

24.5 

*12.5 

(200,202,203) 

Oriental air-cured.. 

30 

95 

70 

05. 

- 7. 

(228) 

Oriental air-cured.. 

30 

50 

15.7 

14.8 

- 0. 

(228) 

Oriental air-cured.. 

— 

— 

23.9 

20.5 

-15 

(228) 



B. 

Cig r Lc^af 





30 

80 

20.1 

21.1 

-19.2 

(229) 


25 

75 

30.1 

17.5 

-42.0 

(229) 


ciianges of the hydrophilic colloids in tlie leaf tissues may play an 
important role, e.gr., a denaturation or a ^‘tanning^^ of the leaf pro¬ 
teins, and the loss of the swelling capacity of pectins, pentosans, and 
hemicelluloses which goes hand in hand with the gradual disintegra¬ 
tion of these substances into their components. 

As to the physical factors, (dianges of the total leaf surface (refer¬ 
ring not to the apparent geometric surface of the leaves, but rather to 
the surface including all its ^^submicroscopic roughness'^ and changes 
of pore sizes and pore distribution can be suspected of having con¬ 
siderable effects on the water-holding capacity of the leaf. A quan¬ 
titative approach to these physical effects seems possible considering 
that, in the field of surface catalysis, very satisfactory methods have 
been developed for the accurate measurement of the areas and poros¬ 
ity of solid surfaces (46). In a purely qualitative way, significant 
influences of fermentation on the surface structure of tobacco leaves 
are indicated by the common experience of the trade that the ^ffeeP' 
and appearance of tobacco leaves changes after fermentation in the 
sense of a development of ''grains'' and "pimples" (see also page 334) 
in the leaf surfaces. 

These grains are probably caused by the formation during fermentation of 
crystalline aggregates consisting of materials such as the oxalates, malates, and 
citrates of calcium, magnesium, and potassium (94,178). 
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(i) Improvement of Burn (Fire-Holding Capacity). As a rule, 
fermentation improves the burn of tobacco leaves, it increases 
the duration of the glow that spreads from an ignited spot* over ad¬ 
joining parts of the leaf. The aroma of the smoke, other conditions 
being equal, is favorably influenced by a good burn (81). A burn be¬ 
low 3 seconds is considered to be unsatisfactory for smoking purposes, 
whereas burn durations of about 10 seconds and above are excellent 
from an industrial viewpoint (103). (These figures refer to unfer¬ 
mented tobacco; for fermented leaves the scale ranges from 6 seconds 
for unsatisfactory bjfW*n to 20 and more seconds for excellent burn.) 
The intermediate values correspond to a scale of improving quality of 
the burn. The fire-holding capacity of a tobacco leaf depends on a 
number of factors. In a th^orough study in which also the older, 
mostly qualitative data are listed, Johnson, Ogden, and Attoe (104) 
have varied these factors systematically and observed their influence 
on the burn, using many thousands of specimens of Wisconsin cigar 
binder leaf (U. S. Types 54 and 55). 

The following elements, according to these authors, influence the burning prop¬ 
erties of leaves: the specific region of the leaf an^a at which the burning test is 
made, the prior position of the leaf on the stalk, maturity of th(i leaf, variety of the 
tobacco tested, the method and efficiency of curing, the weather during the grow¬ 
ing season, the nature of the soil, and the amount and composition of the fertilizer 
used. Obviously, all these factors influence burning properties by controlling, 
primarily, the structural properties and chemical composition of the leaves. 
Concerning the relationship between chemical composition and burn, the favor¬ 
able action of potassium, especially of organic potassium salts, and the harmful 
effect of chlorine on the fire-holding capacity have been known for a long time (66). 
Of the nitrogen compounds, ammonia, alkaloids, amino acids, and other sub¬ 
stances containing “reduced nitrogen” counteract the fire-holding capacity, 
whereas nitrates seem to be neutral, or slight promoters. The effects of other leaf 
constituents, both inorganic and organic, appear to be minor as long as they are 
not present in excessive amounts. 

Fermentation, on the average, doubles the leaf burn of cigar to¬ 
bacco, but the response of tobacco of different crops varies in this re¬ 
spect within wide limits. With some leaves, a 12-fold improvement of 
burn was observed after fermentation whereas, with others, par¬ 
ticularly those containing little potash or much chlorine, no improve- 

* In systematic tests, the ignition is best achieved by contact of the leaf, at a 
selected point, with an electrically heated, short loop of wire. For each determina¬ 
tion, in view of the biological variation between the single leaves, numerous leaf 
samples must be checked. 
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merit was observed. The main reason for the promotion of burn after 
fermentation seems to be the loss and transformation of some of the 
water-soluble nitrogenous compounds (58). Possibly, the ''casing'' 
of the tobacco* as a preparatory step before its fermentation leads 
to the removal of some of the chlorides contained in the leaf tissues. 

IIL Chemical Changes in Tobacco Leaves Caused by 
Fermentation and by Aging 

A. ANALYTICAL METHODS 

The analytical methods employed (27) in chemical studies of to¬ 
bacco fermentation are mostly the s.ime as those used for the analysis 
of green and cured tobacco leaves. Though some of these analytical 
methods permit the precise identification and determination of spe¬ 
cific chemical compounds contained in the leaves, a number of other 
substances or classes of substances contained in tobacco leaves are 
merely estimated for presence and amount by means of conventional 
methods that often lack the desirable specificity and accuracy. This 
applies, for instance, to the usual analytical procedures for deter¬ 
mination of pentosans, hemicelluloses, pectins, polyphenols and tan¬ 
nins, resins, and waxes, and for additional groups of leaf constituents 
the individual composition of which are only partly explored. 

The use of such cursory methods offers the advantage of permitting 
fast comparative surveys on large numbers of samples. On the other 
hand, the chemical information obtained by these procedures is neces¬ 
sarily of an approximate nature only. It is important not to over¬ 
estimate the significance of analytical data of this kind, particularly if 
they are used for interpreting the conversions in the leaf tissues. 

It is to be expected that new analytical methods will be applied 
to an increasing extent to the problems of tobacco chemistry. In 
addition to extraction methods and to specific organic identification 
reactions, these new methods will, in all probability, include the ample 
use of spectroscopic and specialized chromatographic procedures. 

For any conclusions concerning the chemical reactions in the to¬ 
bacco leaf during fermentation, it is furthermore indispensable to 
take into account the total losses of the dry weightf the leaves suffer 


* Dipping the leaves in water to introduce the desired amount of moisture (see 
Sect. IlfBlb2). 

t As to methods of determining the weight losses, see page 362. 
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between the various stages at which samples are withdrawn for analy¬ 
sis. By taking into account these losses of solids, the quantities of 
various leaf components, as found analytically at later stages of the 
fermentation, can all be expressed in percentages based on the same 
unit, namely, on the original dry weight of the tobacco sample. This 
permits recognizing the actual changes of these leaf constituents dur¬ 
ing the course of the fermentation. From a practical viewpoint, the 
actual percentage compositions at every specific stage of processing 
are of course ecpially important. 

P. THE SWEAT OF CKIAR LEAF TOBACCOS 

So far, the majority of chemical investigations of tobacco fermen¬ 
tation have been centered around cigar leaf types. Two factors have 
contributed to this. First, the large-scale processing of leaves for the 
manufacture of cigars, chewing tobacco, and snuff dates back over 
more than a hundred years, whereas the processing of leaves for 
cigarettes in quantities comparable to the enormous amounts used 
today did not start earlier than about 1915. Second, fermentation, 
as applied to cigar tobaccos, is a critical operation of great if not de¬ 
cisive importance for the end-product, while the aging of air-cured 
and particularly of flue-cured cigarette tobacco is a less complicated, 
usually well-reproducible process. Its control presents only minor 
problems and its scientific clarification appears less urgent from a prac¬ 
tical viewpoint than that of the fermentation of cigar leaf tobacco. 

Techniques of Cigar Leaf Fermentation 

(a) Bulk sweat ( 60 , 68 ). Many types of cigar leaf are still fer¬ 
mented by means of the oldest traditional method of ^‘bulk sweat.’’ 
Typical for this operation are the large piles or bulks in which the 
leaves are assembled and in which they begin to ferment or to “sweat” 
as soon as the ambient, natural temperature and moisture conditions 
are favorable. This happens usually in the first months of spring. 
For the traditional bulk sweat, the only moisture added to the leaves 
is a superficial “wetting” with a water spray. 

With the onset of fermentation, the temperature rises within the bulks, and 
concentric regions of decreasing temperatures develop quite rapidly within the 
masses of the closely packed leaves, with a “hot center*’ in the very middle (87). 
As soon as an average temperature of 55 to 58 °C. has been reached, the bulks are 
taken apart and rebuilt, often in a changed form and size. 
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The bulk sweat has been modified and subdivided for the processing of indi¬ 
vidual types of cigar leaf. Wrapper leaves^ such as Sumatra tobacco and American 
wrapper types go through a controlled sweat in bulks or piles during certain 
phases of their fermentation. Cuban cigar tobaccos, too, are subjected to a series 
of bulk sweats in the course of their processing. 

For many filler types of cigar tobaccos, bulk sweat has gradually been replaced 
by the ^‘case sweat,” which is more adaptable to the large individual variations 
characteristic of these types of tobacco. In external appearance, as well as in 
chemical composition, a typical filler type such as Pennsylvania Seedloaf tobacco 
varies drastically from crop to crop and even within every single crop. A bulk 
sweat of such highly ununiform leaves leads mostly to uneven results, due to the 
different extent to which the leaves respond to standard coiiditions imposed on 
t hem. In addition, the rapid and locally different temperature rise in large bulks, 
the exclusion of air from the central portions of the large units, and the slow escape 
of water vapor, carbon dioxide, and other gases from the internal parts of large 
bulks—all prevent a satisfactory control of the fermentation and the production 
of a uniformly and thoroughly sweated end-product with these tobacco types. 
This is particularly true for tobacco which, because of specific conditions during 
its growth and shed curing, shows a ugh ^‘sweat resistance.” 

(b) Case Sweat. In the case sweat, wooden cases (dimensions 
given in Table II) are used, each containing roughly 300 pounds of 
tobacco leaves. The leaves, sorted for uniform size and quality, are 
bundled in “hands” of about twenty and packed under pressure in 
orderly rows, layer by layer, into the cases. The construction of the 
cases permits a moderate and rather uniform air circulation through 
the layers of tobacco. 

(/) Natural Sweat The tobacco packed in these cases is subjected, for at least 
one year, to a first phase of fermentation—the ^^natural sweat.” Assembled in 
large blocks, the cases are exposed in warehouses to the heat and humidity of at 
least one summer, and to the freezing temperatures of at least one winter. The 
access of air to the pressure-packed leaves and the escape of carbon dioxide and 
water vapor from them are of course much slower than they were for the free 
hanging leaves in the previous phase of shed curing. However, a gradual gas ex¬ 
change takes place. Being a poor heat conductor, the pressed tobacco, during 
the first stages of the natural sweat, assumes temperatures slightly above those 
of the warehouse. This heat evolution, and dry weight losses of 5 to 10% during 
the natural sweat, prove the occurrence of exothermic oxidative reactions in the 
leaf tissues during this phase. It is obvious that the temperature, ventilation, and 
gas diffusion are more uniform in the cases than in the large masses of tobacco 
as used for the bulk sweat. 

Only a few details are known about the chemical effects of the natural sweat. 
They will be discussed in the following section in common with the conversions 
observed for the following phase of the ^‘resweat.” Various observations point 
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to a gradual breakdown of the cell membranes within the leaves during the natural 
sweat. Such cell wall ruptures are probably caused by the conversions of pro¬ 
teins, pectins, and hemicelluloses, and are favored by the alternating swelling, 
shrinking, and freezing of the leaf tissues effected by the seasonal weather condi¬ 
tions. It is likely that the rupture or increased permeability of the cell walls 
represents an essential preparatory step for the mutual contact and reaction between 
leaf components which previously were separated in the leaf tissues from one 
another by the cell membranes. In this respect, the observations of Roberts 
(180) (Sect. IIB2d2) on the appearance of polyphenols in a certain phase of the 
flue-curing process of cigarette tobacco are significant. A similar process seems 
to take place during the natural sweat of cigar leaves, only at a slower and more 
continuous rate than afe sudden breakdown caused by the high temperatures of 
the flue-curing process. 

{2) Resweat. At the end of the natural sweat, an average specimen of cigar 
filk^r tobacco is still unfit to serve as smoking tobacco. The tobacco must be sub¬ 
jected to an additional treatment, called ‘‘resweat” or “fermentation.” 

To start the resweat, the leaves are submerged in large tubs filled with water 
(“casing” operation) so that they absorb definite amounts of moisture. They are 
then repacked under pressure into the cases and stored in “heat rooms” at about 
45 °C. and 60% relative humidity. This storage is periodically interrupted by re¬ 
packing and airing of the leaves—the? so-called “shaking”—whenever the spon¬ 
taneous heat evolution of the tobacco has reached its peak. 

The durations of the; heat periods between the shakes are gradually prolonged; 
they range from about 3 to 5 days for the “first heat” to 1 or 2 months for the 
“eighth heat.” Easily fermentiiig tobacco requires only one or two of these heats, 
and one or two corresponding shakes, whereas a very tough {i.e.^ sweat resisting 
tobacco) has to undergo up to ten heats and shakes during its resweat. 

In this phase of procc^ssing, large differences become apparent between the 
tobaccos of different crops. Tobacco that grew in a wet season responds, as a 
rule, quite easily by heating up spontaneously and by readily showing the char¬ 
acteristic external signs of fermenting, whereas the reverse is true for a dry-weather 
crop. Moreover, the sweat resistance varies very considerably within any single 
crop. This situation is aggravated by the fact that, for a successful resweat, very 
definite amounts of water are required by the leaves, depending on their individual 
sweat resistance. Both smaller and larger amounts than this critical quantity 
lead to unsatisfactory results. The same is true for the number and duration of 
the successive heat periods and shakes to be applied. Thus, instead of a stand¬ 
ardized over-all method, every single case of tobacco has to be handled individually 
to obtain the best possible results. It is characteristic for this situation that the 
percentage of water required for the start of the resweat can vary within the limits 
of 6 to 55% of the tobacco weight, and the duration of the entire resweat process 
from a few weeks to more than one year. These complicating variations originate 
mainly from the fact that the weather conditions of the growing and curing seasons 
produce leaves of widely different chemical composition. 

(3) Finishing. At the end of a successful resweat, the texture and odor of the 
tobacco have changed in the desirable direction. The leaves have given off all 
the water that had been added at the start of the resweat (often even more than 
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this amount, because additional “reaction water” is lost by the leaves), and are 
now in a rather dry state. 

From this point on, the tobacco goes through a last “finishing” phase of pro¬ 
longed storage undc^r mild b^mperature and moisture conditions. During the 
previous processing, apparently all those conversions within the leaf tissues have 
been accomplished which involve the chemical change of significant amounts of 
any leaf components. 

Some slow and finely differentiated reactions seem still to persist throughout 
the finishing period, resulting in a final touch of improvement of the smoking 
qualities. In character, the phase of finishing with thesi' comparatively small but 
highly specific chemical effects r(‘S(^mbles somewhat the aging process of flue-cured 
tobaccos. It is conceivable that, during this phase', small amounts of leaf com¬ 
ponents and particularly of the aroma comptmnds, such as the esseuitial oils and 
resins, undergo some intricate changes (for i istanct.', esterification and rearrange¬ 
ment). No special chemical investigatiem: have bc^en made of the finishing proc¬ 
ess. It can be expected that su h an investigation would ('ncounter similar dif¬ 
ficulties as are known for the inv(;stigations on the aging of wine and related 
processes in which minute amounts of aromn carriers undergo highly specific; and 
chemically complicated con\er&ions. 

Most of the chemical conversions within the leaves continue 
throughout the entire duration of the fermentation process, whether 
it consists of a scries of bulk sweats or of a succession of natural sweat 
and resweat. However, a few special types of reaction, such as the 
transformation of the alkaloids, require particularly drastic con¬ 
ditions. These conversions are not set in motion to any conspicuous 
extent until the tobacco enters the vigorous phase of resweat. Where- 
ever such preferential appearances of certain reactions in a given stage 
of the fermentation have been observed, it will be mentioned in the 
following survey. The remaining conversions will be discussed as 
over-all effects. 

The following report on the chemical changes in cigar tobacco 
leaves caused by fermentation does not include a detailed description 
of the composition of the leaves prior to fermentation. Such a de¬ 
scription was given in Part I on pages 324-361. 

C. ANALYTICAL RESULTS 
1. Loss of Weight 

(a) Combustion of Organic Matter. Losses of solids in the bulk 
sweat total some 20%. For case-sweated tobacco they are about 
equally divided between the natural sweat and the resweat, and 
amount to some 8 to 10% for each phase. Most of this loss must be 
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ascribed to the ^^natural fuel substances^^ of the leaf tissues, m., the 
carbohydrates, organic acids, and other compounds that fed the res¬ 
piration of the living plant. Thus, a large part of the weight losses 
of the leaves is caused by transformation of predominantly non- 
nitrogenous constituents into volatile products by either decomposi¬ 
tion or oxidation. 

(b) Losses of Inorganic Matter. A minor fraction of the weight 
loss is caused by disappearance of inorganic (ash) constituents from 
the leaves. These inorganic losses appear to be paradoxical at first 
glance because anj^olatilization of ash constituents is extremely un¬ 
likely. At closer inspection (60) the phenomenon finds its explanation 
in the fact that the gummy surface layers of the leaves disintegrate 
in the course of fermentation, particularly during resweat. 

The sticky substances covering the leaf surfaces (pectins, pentosans, n^sins, 
some nitrogenous substances, etc.) arc partly dissolved or emulsified in the ‘‘cas¬ 
ing water,” at the start of the resweat, and partly become increasingly brittle 
and are shaken off the leaves mechanically during the handling operations. Fi¬ 
nally, a last part of the surface gums may disappear due to their oxidative trans¬ 
formation into volatile products. Easily detectable quantities of the insoluble 
inorganic substances which were embedded in the surface layers are removed with 
these layers. For Pennsylvania Seedleaf cigar tobacco, the following average 
losses of ash components duririg the resweat were determined by us, in per cent 
of dry tobacco weight, before the resweat: FcaOa, 0.007%; P 2 O 6 , 0.015%; SiOa, 
0.32%. The calcium, potassium, magnesium, and manganese contained in the 
leaves show no such losses within the limits of analytical errors. (There are some 
indications for very small losses of calcium and potassium; however, the percent¬ 
age of these two components in the leaves are so high that these losses are negli¬ 
gible in comparison.) The fact that the amounts of the last four constituents 
remain practically unchanged while the leaves simultaneously lose an appreciable 
amount of dry weight leads to the fermented leaves containing higher percentages 
of calcium, potassium, magnesium, and manganese than the unfermented leaves. 
Within the limits of error, the percentage increase of every one of these constituents 
coincides with the percentages by which the total dry weight of the tobacco drops 
during fermentation. 

This effect of an “apparent Increase” of certain inorganic leaf components is 
often used as the basis of an indirect method of determining the actual losses of 
solids. Particularly, calcium determinations are appropriate for this purpose. 
It is advisable, however, to confirm the results of this indirect evaluation of the 
total weight losses by direct checks, based on weighings and simultaneous moisture 
determinations of the tobacco before and after fermentation (60). 

About 1.3% of the total solids are removed from the leaves with the disintegrat¬ 
ing surface gums and of this amount about one-fourth consists of inorganic solids. 
From a quantitative point of view this effect is rather small. However, its exist- 
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cnce should not be overlooked. One of its consequences is that the use of the 
analytical values found for iron or phosphorus in tobacco leaves before and after 
fermentation would yield completely erroneous total weight losses of the leaves. 

2. Changes of Non-nitrogenous Leaf Components 

(a) Carbohydrates. In all the analytical studies in which the 
carbohydrates of cigar leaves were determined before and after fer¬ 
mentation, it was found that these substances disappear to a large 
extent. The most extensive study of this particular field was carried 
out by Ward (232), who found that, in a ('anadian cigar tobacco, the 
total carbohydrates decreased from an average of 2.14% to an average 
of 0.75% as a result of fermentation. Specificalty, the amounts before 
fermentation (B.F.) compare with the amounts after fermentation 
(A.F.) as follows: reducing sugars (dextrose and levulose)—B.F. 
1.00%, A.F. 0.16%; total sugars (reducing sugars plus sucrose)— 
B.F. 1.01%, A.F. 0.19%, de:rtrin~H.F. 0.74%, A.F. 0.55%; and 
starch —B.F. 0.39%, A.F. 0.01%. Thus the carbohydrates prac¬ 
tically vanish from these tobacco types, with the exception of small 
amounts of the more resistant dextrin. Behrens (12) found, in a 
study published in 1894, that all the reducing sugars which amounted 
to 1.26% B.F. had disappeared at the end of the fermentation. With 
Pennsylvania Seedleaf tobacco (1936 crop) a drop from 1.8% B.F. 
to 0.60% A.F. was established in the author’s laboratory by averaging 
the analytical values found for thirty leaf samples. Qualitatively, a 
large decrease of soluble carbohydrates in fermented tobacco was 
also found by Miiller-Thurgau (145). 

According to Jenkins (94) and Kraybill (124), the “starch” and “reducing sub¬ 
stances” change but little, or even increase slightly, during fermentation of cigar 
leaf tobacco. However, these two authors, in their analytical procedures for car¬ 
bohydrate determination, have apparently omitted removing interfering substances 
such as phenols, ascorbic acid, etc. before measuring the “reducing capacity” of 
their tobacco extracts. 

The disappearance of carbohydrates is obviously due to their oxi¬ 
dation along a pathway resembling respiration in the living leaf. 
This oxidation causes a corresponding generation of heat and carbon 
dioxide. As to the latter, the quantities of carbon dioxide that can 
originate from oxidation of the relatively small amounts of carbo¬ 
hydrates present in the cigar tobacco types prior to fermentation cor¬ 
respond to not more than about 20 g. C 02 /kg. tobacco. The value 
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is too small to account for the total amount of carbon dioxide given 
off by 1 kg. of fermenting cigar tobacco, which can be estimated to 
be some 60 to 90 g. (see Sect. IIB2c). 

(b) Organic Acids. It is therefore obvious that other sources in 
addition to the carbohydrates contribute to the total carbon dioxide 
generation. Chemical considerations make it likely that organic 
acids, such as citric and malic acid, as well as the pectins^ and, pos¬ 
sibly to a minor extent, pentosans (hemicelluloses) participate in the 
generation of carbon dioxide. 

The inference that citric and malic acid contribute considerably to 
this effect is supported by the following considerations. During fer¬ 
mentation of cigar leaf tobaccos, the total organic acids'^ decreased 
by considerable amounts. Behrens reports a drop of nonvolatile 
acids from 14.0 to 11.7%. Experiments carried out in this laboratory 
with thirty samples of Pennsylvania Seedleaf tobacco showed an aver¬ 
age decrease of total ether-soluble organic acids* from 16.8% B.F. to 
13.0% A.F., corresponding to the disappearance of 20% of the 
amounts present in the leaves at the start of the fermentation. Spe¬ 
cifically, citric acid dropped from 5.3 to 4.3%. These analytical de¬ 
creases of organic acids correspond to losses between 2 to 4% of the 
dry tobacco weight. The ^S)rganic acidity’’ expressed in milliequiva- 
lents of organic acids* in 1 kg. of dry tobacco weight drops by about 
600 milliequivalents. 

Various types of a stepwise decomposition and oxidation of the 
organic acids can cause this effect. Taking, as an example, malic 
acid, the following processes are conceivable among other possibilities: 
(i) Mere decarboxylation: COOH 

I 

CH., CH 3 

I I 

CHOH-^ CHOH + CO 2 

1 I 

COOH COOH 


{ 2 ) Formation of a keto acid by 
dehydrogenation ; 



* This term has been widely used in the literature for the fraction of organic 
acids that are soluble in ethyl ether and can be extracted with this solvent from 
acidified tobacco samples. Pectic acid and glucuronic and hexonic acids are not 
included in this class. 
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( 3 ) Complete oxidation of pyruvic acid (formed in process 3 ) by O 2 to 3 molee 
CO 2 + 2 moles H 2 O (see Part I, pages 359 and 361). 

26 g. CO 2 would be generated by 1 kg. tobacco which loses 600 milli- 
equivalents of acid if a process of type 1 were the one and only cause 
for the analytical disappearance of the organic acids. This is quite 
unlikely. The amounts of carbon dioxide arising from the chemical 
conversions of the organic acids in fermenting cigar tobacco prob¬ 
ably exceed the quantity of 26 g. and may be closer to about 50 g./kg. 
tobacco. Furthermore, since the exhaustive oxidation of the carbo¬ 
hydrates to carbon dioxide and water proceeds, in all probability, 
over organic hydroxy acids as intermediates, it would be illogical to 
postulate that the a(;ids proper should merely be decarboxylated with¬ 
out any further attack on their aecarboxylation products (33). In 
the case of a complete oxidation of the disappearing acids—total effect 
of reactions 1 , and 3 —the amounts of carbon dioxide evolved for 600 
milliequivalents of lost acid would be about 52 g./kg. tobacco. This 
value is in better agreement with the estimated quantities of carbon 
dioxide generated by fermenting cigar leaf tobacco in addition to the 
amounts arising from the oxidation of the carbohydrates. Thus, it 
appears likely that a considerable fraction of the analytically dis¬ 
appearing organic acids is completely degraded to carbon dioxide 
and water. The elimination of a considerable fraction of the citric 
and malic acids from the leaf tissues is obviously one of the main fac¬ 
tors responsible for the shift in pH to the alkaline side in this type of 
fermentation. 

Sinclair and Eny (199) have shown that the pTI of lemon juice is controlled 
mainly by its content of citric acid and that over a wide range this pH is increased 
by about one unit for every 20% of acid neutralized. This relationship agrees with 
the observation made for tobacco extracts that the loss of roughly 20% organic 
acids, caused by the fermentation, results in a shift in pH by 0.7 to 1.1 units (see 
Table VI) toward the alkaline side. 

Although these considerations imply that most of the analytically 
disappearing organic acids of the citric-malic types are converted com* 
pletely into carbon dioxide and water, this does not exclude the possi¬ 
bility that minor fractions of these acids, or of their transformation 
products, undergo other types of conversions. In a previous section 
(IIB2), we mentioned observations that indicate the temporary pre¬ 
dominance of anaerobic decarboxylations (type 7, page 364) which 
occur toward the end of the fermentation, particularly in bulk fer- 
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mentation. Whether this anaerobic evolution of carbon dioxide in a 
certain phase of the process is caused by the direct liberation of CO 2 
from citric or malic acid, whether it is derived from intermediates such 
as keto acids, or whether pectic acid (see next paragraph) participates 
in this effect will hav'e to be decided by special investigations. 

To a small extent, lower molecular acids appear as fermentation 
products (65,196). How these acids are formed has not been clarified 
in detail, but it seems plausible that they are side-products of the 
oxidation of carbohy^ates or of higher molecular organic acids, or 
are products arising from the oxidative deamination of amino acids. 
Behrens (12,13) found an increase of volatile organic acids from 0.13% 
B.F. to 0.28% A.F. in fermented cigar leaf. Shmuk and Kashirin 
(197) report an increase of formic acid from 0.39% B.F. to 0.65% A.F. 
It would not be surprising if still more volatile acids were found among 
the products of fermentation. Recently (186), valeric acid, as well 
as methyl-3-valeric acid was identified in fermented leaves. The 
latter acids are probably produced from proteins or amino acids 
(isoleucine) rather than from non-nitrogenous precursors. 

Another product that possibly originates from the oxidation of 
organic acids like citric and malic acids is oxalic acid. 

In livtuff tobacco leaves, the foimation of oxalic acid is apparently independent 
of the metabolism of citric, malic, and other hydroxy acids (217). 

The amount of oxalic acid in the leaves is usually increased after 
fermentation. For instance, in a study of Pennsylvania tobacco made 
in the author's laboratory, the percentages of this compound were 
found to be 3.0% B.F. and 3.4% A.F. 

(c) Pectins, Pentosans, and Hemicelluloses. (1) Pectins. The 
oxidation of carbohydrates and of organic acids in tobacco leaves is 
by no means exclusively limited to the fermentation process. 
Rather, they are continuations of processes that occur on a conspicu¬ 
ous scale in the living as well as in the curing leaves. A specific in¬ 
fluence of the fermentation process, however, is apparent on the hemi- 
cellulose type of substances of the tobacco leaves which are compo¬ 
nents of the cell membranes and cell walls. These compounds, re¬ 
maining practically unchanged in the living leaf, and being but slightly 
affected in the curing phase, show signs of profound chemical altera¬ 
tions when the leaves are subjected to the fermentation. 

This specific response is clearly shown by the 'pectins, which are 



CHEMICAL CHANGES IN THE HARVESTED TOBACCO LEAF 367 


present in considerable amounts in cigar tobacco leaves ( 2 , 7 , 99 , 122 , 
149,152,153,161,189,202). The complex structure of the pectins 
(see Part I, pages 327-328), which comprise as their main component 
partly methoxylated polygalacturonic acids* in combination with 
acetic acid, arabinose, and galactose, makes them susceptible to mani¬ 
fold steps of decomposition. Among their destructive changes, the 
cleavage of some of the methoxy groups with the liberation of methyl 
alcohol and the severance of carbon dioxide from the galacturonic or 
polygalacturonic acid residues can easily be recognized analytically. 
Both these decomposition effects of the tobacco pectins have been 
studied in quite some detail. The amounts of pectins in cured cigar 
tobacco, according to various authors, range between 8 and 18%. 
(This range not only represents the tnie variations of pe(‘tins but also 
reflects the differences of analytical methods for the determination of 
pectins.) For the methyl alcoho* content of these pectins of the har¬ 
vested leaf, values between 4.5 and 5.5% hav^e been reported. (Ker- 
t^sz (109) has listed the methyl alcohol content of various plant pec¬ 
tins: of the sugar beet, flax stalk, and orange they vary between 4.1 
and 5.5%, whereas the pectins of other plants contain as much CH 3 OH 
as 11 . 6 %.) 

Only a small proportion of the total methyl alcohol of the pectins is split off 
during shed curing. The smallness of this yield is in contrast to the rapid and 
quantitative demethoxylation of the pectins which occurs when fresh tobacco 
leaves, after maceration, are subjected to an autolysis. Neuberg and Kobel 
(149-151), who studied those reactions extensively, explain the higher stability of 
the tobacco pectins in the curing process compared with autolysis by the low 
water content of the leaves and their fast desiccation in the curing phase. Another 
possible cause is a local separation of the pectins from the pectin-splitting enzymes 
(pectase and pectinase) in the intact leaf and a very slow removal of the barriers 
between the pectins and the pectin-splitting enzym(‘s in the curing process. In 
the macerated leaf tissues subjected to autolysis, almost immediate contact be¬ 
tween enzymes and substrates can be expected. This interpretation is similar to 
that given by Roberts for the “polyphenolic effect” (see Sect. IIB2d2). 

According to Neuberg and Kobel, the loss of methyl alcohol dur¬ 
ing the curing of cigar tobacco amounts to about 0 . 1 % of the dry 
weight of tobacco or to about 12 % of the total methoxyl groups of the 
pectins in these leaves. 

* The earlier concept of a tetragalacturonic acid as a “buildi^ unit” of pectic 
acid appears unjustified according to more recent work (93). There are indica¬ 
tions that at least 30 molecules of galacturonic acid constitute the basic unit of the 
pectins. 
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About 16% of pectins was contained in the leaves investigated by Neuberg 
and Kobel. These pectins contain about 5% methoxyl groups equal to 0.8% of 
the dry tobacco weight. 

However, during the fermentation of the same leaves, the loss of 
methyl alcohol, expressed in percentages of the initial total methoxyl 
groups of the pectins in the leaves, amounts to as much as 85% for 
cigar leaves and to 50% for cigarette leaves. These findings of Neu¬ 
berg and co-workers show clearly that the pectins are demethoxylated 
but little in the shed-curing process,* whereas their decomposition is 
greatly favored under^the specific conditions of the fermentation. 
It is further shown that the sweat of cigar tobacco carries the break¬ 
down of these polysaccharides to a more advanced stage than does the 
aging process of cigarette tobacco. 

A further step of the pectin decomposition is the decarboxylation 
of the polygalacturonic acid or of the galacturonic acid remaining as 
the residue of the demethoxylation. For cigarette tobacco leaves, 
Andreadis (2) found the total (carboxyl groups of the pectic acid to 
equal about 1.80% of the dry tobacco weight. After fermentation, 
this value was decreased to about 1.63%. Since undecomposed pec¬ 
tic acid contains roughly 22% of its weight in form of carboxyl groups 
(109), the figures reported by Andreadis indicate that about 8.1% 
of pectic acid, or about 11,4% of pectins (including acetic acid,arabi- 
nose, and galactose), was contained in the tobacco leaves studied by 
this author before their fermentation, and that 9% of the pectic acid- 
carboxyl groups was set free during fermentation in the form of corre¬ 
sponding amounts of carbon dioxide. 

As to its absolute quantity, the carbon dioxide derived from this decomposition 
process amounts to only some 1.7 g. C02/kg. dry weight of tobacco, a value that 
is small compared with the total amounts of carbon dioxide originating from the 
oxidation of carbohydrates and of other compounds. Nevertheless, it is interest¬ 
ing to point to this decarboxylation as to one of the more specific conversions 
occurring in the fermenting leaves. 

{2) Pentoses and Pentosans. In conjunction with the pectins and 
with other substances of the hemicellulose type, the pentosans form 
the membranous material and particularly the cell walls of the leaf 


* Possibly, less conspicuous changes of the pectins, such as depolymerizations, 
occur at an earlier stage than the analytically easily discovered liberation of 
methyl alcohol (93). 
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tissues. The content of pentosans and pentoses in tobacco leaves 
amounts to an average of 3.5% of the dry tobacco weight. 

On hydrolysis, the pentosans decompose into pentoses. Ana¬ 
lytical determinations of the pentose content of tobacco leaves, before 
and after fermentation show considerable variations insofar as, with 
some samples, increases of the pentoses have been observed (14), 
whereas ethers show a decrease of pentoses after fermentation. Such 
an irregular behavior is to be expected for substances that appear as 
intermediates of reaction in the leaves. In every individual sample, 
the amounts found after fermentation of such compounds will de¬ 
pend on the relative rates at which they are formed and at which they 
are removed by subsequent reactions. In the field of the normal 
polysaccharides, similar eonditions prevail for the hexose sugars de¬ 
rived by the hydrolysis of starch but subsequently oxidized to acids 
and carbon dioxide. In the same sense, ammonia behaves like an 
intermediate, as will be discussed in Section IIIC4i. 

Increases of the pentoses found after fermentation can be explained 
by the two processes of pentosan hydrolysis and by decarboxylation of 
galacturonic acid, which latter reaction yields arabinose. Once they 
are formed, the pentoses seem to be subject to oxidations, just as are 
the hexoses. This explains the cases in which a decrease has been ob¬ 
served after fermentation. In the author's laboratory, thirty samples 
of Pennsylvania Seedleaf tobacco yielded, on analysis, an average of 
3.4% B.F. and of 3.0% A.F. of pentoses. Possibly, the disappear¬ 
ance of the pentoses may also involve a dehydration to furfuralde- 
hyde, as a first step. Small amounts of furfuraldehyde have been 
found in fermented tobacco leaves by Jetta (99) and by Boekhout and 
de Vries (21). 

(d) Cellulose and Lignin. Small changes, if any, appear to occur 
in the cellulose and lignin content of the leaves in the course of 
fermentation. There is an obvious parallelism between the declin¬ 
ing chemical reactivity and the diminishing chemical response to fer¬ 
mentation in the series: sugars, starch, pectins, pentosans, cellu¬ 
lose, and lignin. Just as with the main inorganic compounds, the 
percentages of cellulose and lignin found in fermented leaves are rela¬ 
tively higher than in the unfermented leaves, due to the loss of total 
dry tobacco weight. The “apparent percentage increase" of these 
structural leaf components, on the average, is numerically equal to the 
percentage loss of leaf weight, indicating that their amounts have re- 
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mained practically constant throughout the fermentation process. 
This result, derived from the usual analytical determinations of “crude 
fiber, does not exclude the possibility that some finer chemical 
changes are occurring. Andreadis (2) found an increased methoxyl 
content of lignin in tobacco leaves after fermentation. It is further¬ 
more conceivable that the cellulose is, at least partially, oxidized to 
oxycellulose, an effect that may explain the greatly increased brittle¬ 
ness of thoroughly sweated tobacco leaves. If occurring to any ex¬ 
tent, this transition would probably contribute to the improved smok¬ 
ing properties of the^fermented leaves. 

Oxycellulose, as, e.gf., prepared by a method developed by Kenyon and co- 
workers (108), develops, on ignition, less irritating gases and vapors than does 
cellulose. 

(e) Essential Oils, Resins, and Waxes. A particularly obscure 
sector of leaf constituents is that of the essential oils, resins, and 
waxes. Because of their complex composition, which includes a vast 
number of varied substances (see Part I, pages 330-333), this fraction 
of tobacco components has so far withstood repeated efforts (14,18,27, 
59,68,112,118,158,172,173,185,194,202,214,220) to identify the bulk 
of its constituents. In addition, a special difficulty is presented by the 
high reactivity of the resins, which manifests itself in their tendency to 
autoxidize, to condense, and to polymerize, not only in the leaves, 
but also during the chemical operations devised for their separation 
and analytical investigation. Usually, analysis of the resins has been 
attempted by their separation into various fractions, using successive 
extractions with different organic solvents. These initial steps are 
followed by investigations of the diverse fractions. 

Several authors have concluded from their results, and particularly from the 
behavior of the substances contained in the various fractions toward aqeuous 
acids and alkalis, that the main components of the resin complex are resin acids, 
resin alcohols, resinous phenols, resin ethers, and highly polymerized “resenes,” 
and “resinols.” Those of these compounds characterized by high volatility are 
listed as “essential oils.” In addition, waxes are found as components of the resin 
complex. How unsettled the questions are concerning the nature of the resinous 
leaf components is demonstrated by the fact that Pyriki (172), in a recent paper, 
concludes that there is no chemical evidence for the existence of resin alcohols 
and resin phenols as was claimed by most of the previous investigators. Accord¬ 
ing to Pyriki, the main components of the resins are resin acids (some 57 to 60% 
of the total resins), and some ether-soluble resenes (some 32%), minor fractions 
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consisting of substances insoluble in ethyl ether (resinols), and of essential oils 
(some 3 % of the total resins, or 0 . 2 % of the dry leaf weight). 

One of the few points on which most of the investigators agree is the amounts 
of ''waxes’’ (some 5% of the total resins, or about 0.45% of the dry leaf weight) 
in the resin complex. Certain of these waxes have been identified in some earlier 
work as paraffins, of which the individual compounds‘heptacosane (C 27 H 66 ) and 
hexatricontane (C 31 H 64 ) have been isolated and identified ( 212 ). 

As to the fate of the essential oils, resins, and waxes in the processing 
of the leaves, it has been found generally that the sum of these sub¬ 
stances decreases substantially during fermentation (12,14,58,94,112, 
113,220). An average value of the total decrease of the resins during 
fermentation, as obtained from observations of various investigators, 
shows a drop of from about 7.8% B.F. to about 5.0% A.F. or by about 
30% of the intitial amounts. In di-cussing this analytical result, it 
is well to remember that the estimate of the total resins present in a 
given tobacco sample is, as a rule, based exclusively on solubility de¬ 
terminations. In other words a decrease in the tobacco leaves of 
the substances soluble in petroleum ether (or in ethyl ether, or in 
benzene) is identified with a corresponding ‘^decrease of resins.’’ 
Findings based on such an extraction method do not necessarily indi¬ 
cate that the ^‘disappearing” resins, etc. actually have undergone 
drastic chemical changes, such as, c.^., a complete combustion. 
Rather, they can also be interpreted by a formation of high molecular 
polymers and condensates that have become insoluble in the solvents 
used for the extraction of the resins, or, in an opposite sense, b}^ the 
conversion of part of the resinous substances into materials soluble 
in alcohol or water,* forming thereby molecular or colloidal solutions. 
This ambiguity of the extraction method, and particularly the lack 
of precise chemical data on the composition of the resins, has so far 
prevented any substantial progress in discovering the (diemical fate 
of the amounts that disappear analytically during fermentation. 

It appears likely that a minor part of the total loss in resins can be explained 
by the evaporation of essential oils during fermentation. The presence of such 
oils in the gases and vapors evolved during fermentation has been confirmed quali¬ 
tatively (68,202,203). It is quite possible that some of these volatile oils have been 
formed during the fermentation from less volatile components of the resinous com¬ 
pounds. Another part of the loss of total resins may possibly be ascribed to 
polymerizations which, during the fermentation process, transform previously 
ether or petroleum ether soluble substances into insoluble material. 

* In some of the analytical schemes for the determination of resins, the solvent 
extraction of tobacco is preceded by its extraction with alcohol or water. 
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Some indications concerning the disappearing part of the resins may be obtained 
from the changes observed for specific weight, refractive index, acid number, ester 
number, and saponification number of that part of the resins left in the leaves after 
fermentation. After fermentation, the resins show an increase of the components 
that have a diminished solubility in ethyl ether and a decreased iodine number 
(203). This may indicatlJ tlui formation of higher molecular, less unsaturated 
products (112,113,214). Observations made for the volatile oils in fermented 
tobacco also point to an increasing saturation of double bonds and to an accrual 
of esters in these oils (194), However, since in most of these investigations differ¬ 
ent methods w('re us(‘d by the several authors and since the chemical interpreta¬ 
tion of the solubility shifts and of th(i chang(‘S of (iharacteristic numbers is a mat¬ 
ter of intuition rather tJMn of concise knowledge, it is preferable to refrain from 
discussing the various assumptions which can be made about the changes of the 
tobacco resins. 

(f) Pigments. The natura4 pigments of the leaves consist mainly 
of chlorophylls a and b, carotene and xanthophyll (27,59)—all of 
which decrease during fermentation. Chlorophyll itself undergoes 
its main change during shed curing; between 80 and 90% is trans¬ 
formed during this early phase into unknown compounds, with a 
simultaneous disappearance of the green color of chlorophyll. While 
the (chlorophyll content of freshly harvested mature tobacco leaves 
amounts to 0.20 to 1.40% of the dry leaf weight (49,75),* not more 
than about 0.02 to 0.30% of chlorophyll is left in the leaves prior to 
fermentation. Of these small residual amounts, at- least one-half is 
further changed into colorless products during fermentation (9,18). 
No systematic work has been done on the behavior of (carotene and 
xanthophyll during fermentation. According to Evans and Weeks 
(49), and to Griffith and Jeffrey (75), the average carotene contents of 
green tobacco leaves lie at about 0.01 to 0.07% and moderate de¬ 
creases of these compounds have been found in the curing phase (231). 
Almost no quantitative data exist for the xanthophyll content of to¬ 
bacco leaves, except a principally (jualitative investigation by Stuart 
B. LeCompte (132) and optical determinations by Evans and Weeks 
which were not evaluated in terms of quantities of xanthophyll. It 
can be expected that the percentage of xanthophyll in tobacco leaves 
amounts roughly to one-half of the percentages found for the caro¬ 
tenes, from inference of values found for the leaves of other vegetable 
materials. 

In addition to the pigments extractable from tobacco by solvents 

* As a rule the top leaves of the tobacco plants contain the highest percentages 
and the bottom leaves, the lowest percentages of these pigments. 
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for fatty substances, the leav^es contain water-soluble colored com¬ 
pounds not extractable by the solvents used for chlorophyll, etc. 
They consist mainly of flavones and flavonoles and belong chemically 
to the group of the phenolic leaf ingredients (87a,191,192,215). 

(g) Phenols, Polyphenols, and Tannins. Phenols and poly¬ 
phenols have been mentioned repeatedly in the previous text as 
constituents of the tobacco leaf that probably play an essential role 
as oxygen-transferring agents in the fermentation process. In spite 
of this, the chemistry of the phenolic compounds in tobacco leaves 
and their fate during the fermentation have received only limited at¬ 
tention. A few phenolic compounds have been identified or isolated, 
such as small quantities of volatile phenols (146), and caffeic and 
chlorogenic acid (117,195,198). Rotated to these typical phenolic 
compounds are the flavones and flavonoles of which rutin (35-37,84, 
85,101,125,149,151,166) and isoquercitrin (87a,123) were found and 
closely studied. Recent chromatographic and spectroscopic studies 
indicate the presence of at least four different flavones in cured un¬ 
fermented leaves of Burley tobacco (87a, 191,192,215). The tannins 
of tobacco, which probably resemble the tannins of the tea loaf (27, 
181,182) by containing the chroman ring, also belong to the class of 
compounds characterized by di- or triphenolic groups. The main 
difficulty with the entire class of phenolic compounds is the lack of 
satisfactory and dependable analytical methods that would permit 
exact determination of their total quantity and of their individual 
composition. 

A conventional method of d(;termining polyphenols and tannins (27) consists 
in mciasuring the total reducing power of aqueous tobacco extracts {e.g., by mc^ans 
of KMn 04 titration), then removing the polyphenols and tannins either by pre¬ 
cipitation with lead acetate or by adsorption on hide powder and determining the 
reducing power of the residual filtrates, which is ascribed to the reducing sugars. 
The substances removed with the lead precipitate or as adsorbate on hidci powder 
are evaluated by difference, in terms of their “reducing power.'’ The latter is 
attributed to polyphenols and tannins and is converted to weights of these sub¬ 
stances by means of more or less arbitrarily chosen factors. Evidently these 
analytical procedures are not very dependable and certainly not sufficient for 
identifying a specific member of the polyphenolic group. Furthcjrmore, they are 
too crude to detect any finer chemical changes of these compounds as they may 
occur in the fermenting leaves. 

Another approach to the determination of phenols and tannins in tobacco tissues 
may be seen in the measurements of oxygen uptake by minced leaves (179,181, 
182). This method is also nonspecific in regard to type of phenolic compounds in 
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the substrate. In view of its indirect character and of its dependence on additional 
factors which influence the capacity of the leaf macerates for oxygen uptake, the 
quantities of phenolic compounds present in a given specimen can merely be esti¬ 
mated. Nevertheless, this method is valuable because it offers some information 
on the nonreversible oxidation or polymerization of the polyphenolic compounds 
in a given specimen by means of following the gradual decresise of its oxygen up¬ 
take (see page 349). 

A fully satisfactory analytical procedure would have to be based on a quantita¬ 
tive separation of the phenols, polyphenols, flavonols, and tannins from the other 
leal components, and on the determination of individual compounds in this frac¬ 
tion. The accomplished isolation of several individual phenolic compounds such 
as rutin may point the jgniy to such an improved analysis. 

In spite of the primitive analytical tools, it hardly can be doubted 
that the amounts of polyphenols, tannins, and flavonols decrease dur¬ 
ing fermentation as far as their phenolic hydroxy groups are con¬ 
cerned (106,135,179-182). For Pennsylvania cigar leaf tobacco, a 
decrease of tannins and polyphenols was found by us (58) from 0.48% 
B.F. to 0.36% A.F. by means of determinations of the reducing ca¬ 
pacity of extracts before and after removal of the tannins with lead ace¬ 
tate. 

These low figures indicate merely that a very considcTablc portion of the; 
phenolic hydroxy groups has disappeared, even before fermentation. Average 
values for ‘^total polyphenols’^ are 2 to 3% (106,173). 

Of the few identified polyphenolic compounds, rutin is, according to 
Couch (36), almost completely, or is completely, absent in fermented 
leaves, even if its prefermentation amount in the leaves was consider¬ 
able (0.5 to 1.5%). It is commonly assumed that these substances, 
including chlorogenic acid, disappear by means of oxidation and 
polymerization to brown tannin-like condensation products (84,85, 
117,149-151). Several independent observations indicate that the 
phenolic constituents in leaf tissues can act as oxygen donors and as 
hydrogen acceptors and that, in this way, they promote the oxidative 
changes of a number of other substances. As was pointed out previ¬ 
ously, the oxidative consumption of carbohydrates is possibly en¬ 
acted by such a polyphenol-controlled mechanism after the natural 
enzyme complex which normally sustains the respiration of the leaves 
has become inactive.* Indications for a replacement of the native 

* According to Bonner and Wildman (22), polyphenol oxidase is the principal 
terminal oxidase for the respiration of spinach leaves. Robinson and Nelson (183) 
and Baker and Nelson (6) nave come to similar conclusions for the respiration of 

{continued on page 376) 
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enzyme system of respiration by a polyphenolic mechanism were ob¬ 
tained by Roberts (179-182) by means of observations on macerated 
leaves, and by the studies of Obabko (156). Obabko showed that, 
after destruction of the original oxidases in tobacco leaves by high 
temperatures, a resumption of the oxidative reactions can take place 
and is probably achieved by means of polyphenolic substances. The 
capacity of the polyphenols to act as redox catalysts in oxidative re¬ 
actions may extend even farther. There are various indications that 
the oxidation and dehydrogenation of several nitrogenous compounds 
in the leaves, particularly of amino acids (Sect. IIIC4e), occurs with 
the active participation of polyphenolic compounds. It appears that 
intermediate compounds are formed between the nitrogenous sub¬ 
stances and the polyphenols and that, by way of these complexes, the 
polyphenolic components act as both hydrogen acceptors and oxygen 
donors toward the nitrogenous compounds (page 383). 

3. Insolubilization of Water-Soluble Leaf Components 

Before we take up the nitrogenous components of the tobacco leaves 
and their fate in the fermentation process in detail, it will be useful to 
discuss a characteristic over-all effect that accompanies the sweat of 
cigar tobacco (60). This effect consists in a transformation of water- 
soluble into water-insoluble substances within the leaves. 

Water solubility tests are made by moans of one-hour reflux extraction with 
boiling water at the natural pH of the leaves. Acidification of the water up to pH 
3 does not change the results. 

Numerically, this shift appears to be very considerable if the ana¬ 
lytical results obtained directly as percentages in the unfermented and 
in the fermented leaves are compared. For instance, the average 
values found in this laboratory for 30 samples of the 1939 crop of 
Pennsylvania Seedleaf tobacco were: B.F, —41.8% water-soluble 
solids and 58.2% water-insoluble solids; A.F. —35.5% water-soluble 
solids and 64.5% water-insoluble solids. The corresponding analyti¬ 
cal results for the 1941 crop (30 samples) were: B.F. —45.8% soluble, 
54.2% insoluble; A.F. —37.9% soluble, 62.1% insoluble. In very 

the potato tuber. Boswell (23) reports that caffeic and gallic acids act as 
carriers in this system. Szent-Gyorgy (211) expressed the view that navonols 
form part of the oxidation-reduction chain in the plant cell. In the living tea leaf, 
respiration seems to be enacted by another mechanism, despite the presence of 
considerable amounts of polyphenols, and of polyphenoloxidase (134). 
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well sweated leaves the decrease of the water-soluble fraction can be 
as great as from 47.3% B.F. to 32.5% A.F. When the A.F. values 
are expressed in percentages of the prefermentation weight of the 
leaves, and when the total weight loss during fermentation is appor¬ 
tioned to the two fractions of the water-soluble and the water-insol¬ 
uble leaf constituents, the actual shifts prove to be smaller than would 
appear from the directly determined percentage values quoted above. 
Nevertheless, there can be no doubt that roughly 3 to 5% of water- 
soluble substances become water-insoluble during fermentation in the 
leaves of Pennsy\^nia Seedleaf tobacco. Further investigations 
prove that ca. Vs to Vs of the insolubilized substances are inorganic 
in nature. They consist mainly of calcium—phosphates, oxalates, 
and pectates. A large fraction of the calcium phosphates turns into 
a water-insoluble form in the fermented leaves because of the higher 
pH values of the latter. The increased amounts of calcium oxalates 
and calcium pectates obviously result from the formation of addi¬ 
tional quantities of the corresponding acids in the sweat process (see 
page 366). Taking into account this insolubilization of inorganic 
compounds, there still remain l^etween 2 and 3% of organic substances 
which lose their water solubility during the fermentation process. In 
very thoroughly fermented leaves this change in solubility of organic 
components can involve quantities up to 5% of the dry tobacco weight. 
We shall see (page 381) that nitrogenous substances are involved to a 
considerable extent in this effect and that the insolubilization is prob¬ 
ably caused by complex formation between oxidized polyphenols and 
amino acids, followed by polymerization of these complexes to high 
molecular products. 

Jj., Niirogemus Compounds 

(a) Analytical Methods and Earlier Results. Our knowledge of 
the nitrogenous substances of tobacco is fairly satisfactory. The 
possibility of determining the total nitrogen content of the whole 
leaves, and of leaf extracts and fractions thereof by a properly modi¬ 
fied Kjeldahl method, permits a quantitative accounting for the 
distribution of the organically and inorganically bound nitrogen 
among the identifiable and still unknown nitrogenous compounds. 

In order to account for all the nitrogen, including the nitrogen of the hetero¬ 
cyclic leaf components, we found that a very thorough digestion method had to 
be developed with repeated addition of selenium and of mercury as catalysts. 
See also the work of Ogg, Brand, and Willits (157,245). 
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Furthermore, the analytical methods for determining the main 
components of the nitrogenous sector, f.c., for the proteins, ammonia 
compounds, amino acids, amides, nitrates, and alkaloids, are more 
specific and accurate than many of the methods available for the non- 
nitrogenous compounds. 

Since the beginning of scientific investigations of tobacco fermen¬ 
tation, observations have been reported on changes of the ammonia 
and nicotine contents of the leaves. In evaluating some of the early 
work, it must be remembered that man}^ of the old analytical pro¬ 
cedures were inadequate, and that the methods of fermentation ap¬ 
plied to the investigated tobacco samples differed appreciably among 
themselves and from the more effecti\ e methods of today. The to¬ 
bacco analyzed in some early Germ^m work was bulk-sweated, pre¬ 
sumably without any addition of predetermined amounts of water to 
the leaves and without any effort to control the ambient temperatures 
and the air humidity—a procedure which leads to incomplete and 
varied results if compared with the improved fermentation methods 
of today. Nevertheless, fairly consistent results are reported even 
in the older literature as far as the general trend of the chemical con¬ 
versions of the nitrogen compounds is concerned. Some results of 
these earlier investigations are listed in Table VIII (see also 17,18,67, 
105,111,114,118,220). 

In more recent years, extensive and systematic studies of the fate 
of the nitrogenous compounds in cigar tobacco leaves have been car¬ 
ried out in the author^s laboratory (58-62). These studies involved 
the development of appropriate and dependable analytical methods, 
and led automatically to a more intensive exploration of some of the 
hitherto unidentified nitrogenous compounds that emerge as a result 
of the fermentation. One feature of this new scheme of analysis of 
the water-soluble nitrogenous compounds in the leaves is that it is 
carried out in steps by determining successive fractions of nitrogenous 
substances in one given leaf sample until a complete accounting 
of the total ^^soluble nitrogen^' has been achieved in quantitative 
agreement with an over-all determination of this amount. Table IX 
gives a condensed picture of some recent analytical findings obtained 
by this method. The values in this table are based on the results of 
several hundred analyses of various samples of different crops. 

(b) Total Nitrogen Balance. During a successful fermentation, 
nitrogen compounds are lost from the leaf tissues. This loss is of 



TABLE VIII 

Some Nitrogen Compounds in Cigar Tobacco Leaves and Their Changes Caused by Fermentation—Early Results 
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In view of the analytical methods used, these values are doubtful. 
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the order of magnitude of 0.4 to 0.0% of the dry tobacco weight, 
or of roughly 10 to 15% of the total prefermentation nitrogen con¬ 
tained in the leaves. Ammonia and nicotine have been found to be 
evolved from the leaves during the fermentation process, particularly 
during the phase of resweat. The total amount of the bases vola¬ 
tilized from the tissues have not yet been determined quantitatively 
(Sect. IIB2f) due to the difficulty of collecting all the gases and va¬ 
pors given off during the entire period of fermentation, shaking, re¬ 
packing, and additional handling without disturbing the sweat proc¬ 
ess. However, soi» information has been obtained on the relative 
distribution of the evaporating ammonia nitrogen, nicotine nitrogen, 
and unidentified nitrogen by condensing the vapors evolved from a 
number of cases of fermenting tobacco, together with the water vapor 
given off by the sweating tobacco, in a large vacuum chamber. By 
analyzing the aqueous condensate obtained in this way the ratio 
of ammonia nitrogen to nicotine nitrogen to nonidentified nitrogen was 
found to equal 75.5:15.3:9.2. Accordingly, a 0.62% average loss of 
total nitrogen from the leaves can be interpreted as consisting of 
roughly 0.47% ammonia nitrogen, 0.10% nicotine nitrogen, and 
0.05% nonidentified nitrogen. Small amounts of nitrogen are also 
lost from the leaves by ^‘leaching” during casing (see page 360). 
However, these amounts have been found to be negligible compared 
with the losses by evaporation. 

(c) Increase of Water-Insoluble Nitrogen. {1) Magnitude of effect. 
Many hundreds of Pennsylvania Seedleaf tobacco samples were 
analyzed by us (60) for their nitrogenous constituents before and 
after fermentation. (In most of the analyses, the leaves were ana¬ 
lyzed before and after resweat. This means that the ^^prefermenta- 
tion^' values for these leaves already include the changes caused by 
their natural sweat.) They all showed a definite increase of nitrogen 
in their water-insoluble fraction, provided they had responded well 
to the fermentation. (Samples which do not respond to fermentation 
show correspondingly smaller or no changes, particularly as far as 
their alkaloid contents are concerned.) This effect was carefully 
investigated in detail because of the obvious objection that the ob¬ 
served increase of insoluble nitrogen is merely an apparent one, and 
actually a result of the total weight loss of the tobacco in the fer¬ 
mentation. However, the analytical values show a real increase of 



CHEMICAL CHANGES IN THE HARVESTED TOBACCO LEAP 


381 


insoluble nitrogen,* even after proper correction for the weight losses. 
If, instead of water, various aqueous solutions, such as 5% acetic 
acid or alkaline CUSO 4 solutions (Barnstein method), or water- 
alcohol mixtures are used in the analytical procedure for the extraction 
of the soluble nitrogen fraction, the values of insoluble nitrogen found 
in the fermented samples exceed those of the unfermented samples by 
the same margin found for the samples extracted with water only. 
The plus value of insoluble nitrogen in the fermented leaves remains 
unchanged even when part of the leaf proteins is brought into solution 
by means of an alkaline, mildly hydrolyzing extractant. Hence, the 
newly formed, water-insoluble nitrogen substances seem to resist 
chemical attack better than the leaf proteins proper. 

{^) Chemical Backqround rf Insoluhilization. Complex Formation 
of Amino Acids and Quinones. Evidently, we again encounter the 
previously described insolubilization of organic leaf components by 
fermentation, with the additional and independently obtained infor¬ 
mation (58) that these insolubilized substances contain 7 to 10% 
of nitrogen. This weight relationship, the simultaneous disappear¬ 
ance of amino acids from the soluble fraction, and the dark brown color¬ 
ation of the insoluble fraction of the fermented leaves have led us to 
the conclusion that we are probably dealing here with products formed 
hy a condensation of amino acids with polyphenols. The formation of 
such complexes deserves further investigation beyond its bearing on 
the insolubilization of nitrogen compounds, because, possibly, they 
play an important role in the chemical fate of the amino acids (see 
page 383). 

There is an obvious parallelism between the formation of water-insoluble coni- 
]>lexes of amino acids with phenolic substanc(‘s in sweating tobacco loaves and the 
reactions occurring in the h'rmentation of lea leaves (179-182). Here too, dark 
brown, water-insolubh' condensation products are formed which contain consider¬ 
able amounts of nitrogen. With tea, the (‘ffect is still more conspicuous than in the 
tobacco leaf, due to the higher content of polyphenols and tannins in the former. 

(d) Balance of Nitrogen Shifts. Column 7 of Table IX lists the 
losses and gains of the individual nitrogen compounds of cigar 
tobacco during fermentation as derived from many analyses made 
in our laboratory. The largest over-all effects are the following: 

* The A.F. values listed in Table IX are all corrected for weight losses. The 
‘'protein nitrogen” increase of about 0.28% exceeds by far the analytical and sam- 
plinglerrors. 
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1. Loss of nitrogen compounds by evaporation and by leaching during the casing 

operation. 

2. Conversion of soluble into insoluble nitrogen. 

The net result of changes 1 and 2 is: 

3. Loss of soluble nitrogen. Specifically, this over-all change of the soluble nitro¬ 

gen compounds is a composite effect caused by the following individual reac¬ 
tions: 

Loss of 

(a) ammonia and amide nitrogen 

(b) amino acid nitrogen 

(c) nicotine nitrf§lgbn 

(d) “secondary alkaloid” nitrogen 

Loss (d) is definitely established, but it is smaller both in absolute amounts 

and in terms of percentage decrease than the decrease of nicotine nitrogen. 

Small and erratic changes of 

(e) nitrate nitrogen 

(f) water-soluble complexes of quinones and amino acids 

(g) nitrogen of unknown acidic compounds 

(h) unknown nitrogen 

At first approximation the substances listed as (e) to (h) can be considered to 

remain stationary during the fermentation. 

Increases of 

(i) Insoluble nitrogen compounds 

(j) “alkaloid transformation products” 

(e) Fate of the a-Amino Add Nitrogen. As pointed out above, a 
considerable part of the amino acids seem to condense with poly¬ 
phenols or quinones. Our analytical results indicate that these 
complexes are not quantitatively polymerized to water-insoluble 
products; an appreciable part seems to remain in a soluble form in 
the leaf tissues. 

This conclusion is supported by the following observations (58) made in our 
laboratory: (I) Aqueous extracts of fermented leaves contain relatively small 
amounts of free amino acids but readily yield higher amounts if subjected to very 
mild hydrolysis; the conditions of this hydrolysis would bo insufficient for the split 
of peptides and polypeptides. {2) After the quantitative removal of all the alka¬ 
loids from an aqueous tobacco extract, substances remain in these extracts that 
give a brown precipitate with silicotungstic acid. One part of these products con¬ 
sists of alkaloid transformation products (see page 392), and another, of compounds 
the nitrogen content of which corresponds to what can be expected for condensa¬ 
tion products of amino acids with polyphenols of the catechol type. 

Further detailed, quantitative studies will be necessary in order to 
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obtain a more concis^^ and consistent picture of the nature and proper¬ 
ties of these complexes. According to present indications, their for¬ 
mation seems to be an essential step in fermentation of cigar 
tobaccos. 

Some recent publications show that condensation products between 
a-amino acids and oxidized forms of o-diphenolic compounds are 
formed in other plant tissues, and that this reaction is of general im¬ 
portance because it can lead to the indirect enzymic oxidation of ex¬ 
cess amino acids. James, Roberts, Beevers, and DeKock (92) have 
demonstrated that the oxidation of catechol (I) to p-hydroxy-o- 
benzoquinone (II), under the influence of the catechol oxidase of 
Atropa belladonna in the presence of amino acids, yields a red-brown 
colored condensation product, (III) formed from p-hydroxy-o-benzo- 
quinone and the amino acid 


IIO-A 

(J) 


4- 



O 2 — 

(II) 

R 

I 

+ CII-COOH - 
I 

NHa 



on 

0 = 


+ H20 


as the first step and 



R 

I 


NH-CII~COOH 


aiT) 


as the second 
step. 


The complex III catalyzes (even without further cooperation of the 
polyphenol oxidase) the oxidation of excess amino acids which de¬ 
compose thereby into ammonia and a-keio acids. Jackson and Kendal 
(90) have investigated the oxidation of catechol and homocatechol 
by mushroom tyrosinase in the presence of amino acids. According 
to these authors, complexes are formed between the o-quinones ob¬ 
tained by oxidation of the catechols, and various substances with pri¬ 
mary or secondary amino groups. In crude mushroom extracts, cate¬ 
chol forms a purple imino complex with i-proline, an amino acid pres¬ 
ent in appreciable amounts in mushroom tissues. Analogous com¬ 
plexes were synthesized by Jackson and Kendal in which hydroxy- 
proline, hydroxyproline ethyl ester, pyrrolidine, glycine, dimethyl- 
amine and methylamine were condensed with the o-quinone. The 
condensation occurs in the para position to one of the quinoid groups 
by direct linkage with the nitrogen of the amino group. In further 
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agreement with James et ai., Jackson and Kendal found that the 
complexes formed with glycine catalyze the oxidation of excess amino 
acids with liberation of ammonia. The imino acid complexes, such as 
the proline complex, seem to be inactive as oxygen-transferring agents. 

In their paper, Jackson and Kendal cite earlier work (11,23,32,83, 
91,163,193) in which the same type of reaction had been observed. 
The discovery of these reactions and the specific property of some of 
the complexes formed to act as redox catalysts toward excess amino 
acids may be of considerable importance for the entire field of nitro¬ 
gen metabolism in plants, particularly since according to Street (206) 
no specific amino acid oxidase resembling the enzyme present in ani¬ 
mal tissues has been found in vegetable materials. 

All these studies prove that in plant tissues reactions can occur 
between polyphenols and amino acids of the same general type as we 
are led to assume from our studies of tobacco fermentation. 

The quantity of amino acids reacting in this manner is obviously 
dependent on the amount of polyphenols which becomes available in 
the leaf tissues. Since the quinone - amino acid complexes, accord¬ 
ing to the British authors quoted, catalyze the oxidative deamination 
of excess amino acids to ammonia and a-keto acids, probably most* 
of the ammonia present in fermented tobacco leaves is derived from 
amino acids by this or a related mechanism. The over-all conver¬ 
sion of amino acids into ammonia in the leaves is of considerable mag¬ 
nitude. In the curing process (see Part I, pages 341-342, and Table 
VIII there), of about 1.5% a-amino acid nitrogen obtained from the 
protein hydrolysis, about one half appears immediately in the form of 
ammonia nitrogen (see Table X). Although a native a-amino oxi¬ 
dase of the leaf tissues may participate in this initial phase of rapid 
oxidative deamination of the amino acids, the simultaneous browning 
of the leaves and the early appearance of polyphenols in the * ^sphere 
of reaction’^ within the tissues (see page 346) imply that the formation 
of quinone - amino acid complexes is already in operation at this early 
time and that ammonia formation from excess amino acids is at least 
partly due to the catalytic function of this complex. After curing, 
the leaf contains some 0.60% of still unreacted amino acid nitrogen 
and some 0.7% ammonia plus amide nitrogen in its water-soluble frac- 

* Smaller amounts may originate from the amide nitrogen of glutamine and 
asparagine (217-224) and also from urea (177). 
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tion. During the natural sweat, the process of deamination con¬ 
tinues, being manifested by three typical signs: (1) decrease of amino 
acids, (^) increase of ammonia, (3) increase of water-insoluble nitro¬ 
gen. Effects 1 and 3 are easily detected by analyses of leaves before 
and after their natural sweat. The same applies for effect 2 provided 
that the ammonia nitrogen lost by evaporation is included in the total 
balance. During resweat this transformation proceeds still further, 
the only difference being that the gradual shift of the pH of the leaves 
toward alkalinity accelerates the evaporation of the liberated am¬ 
monia from the to^cco. 

(f) Balance for a-Amino Nitrogen (see Table X). The over-all 
result of all these changes is that, of about 1.5% of amino acid 
nitrogen originally contained as such in the leaf proteins, some 90% 
(or 1.4% of the leaf weight) is converted into other products. (Some 
10%, or ca. 0.15% amino acid N, escapes deamination and is found 
in the water-soluble extract of the fermented leaves.) Of these prod¬ 
ucts, about 0.45% of the leaf weight appears as “insoluble nitrogen,^^ 
which is probably identical with a highly polymerized form of the 
brown quinone - amino acid complex. Smaller amounts of this 
complex (about 0.15% of the leaf weight) remain water-soluble and 
can be traced by silicotungstic acid precipitates (see page 382). The 
remaining 0.9% amino nitrogen is converted into ammonia of which 
about 0.35% evaporates from the tobacco at a gradually increasing 
rate, so that finally only about 0.5 to 0.6% ammonia nitrogen is left 
in the leaves. The conversion of a-amino acids into these products 
persists throughout all the stages of processing and is apparently con¬ 
trolled by the speed with which unreacted polyphenols seep through 
the cell walls and enter the amino-acid-containing area of the leaf 
tissues. 

It would be important to study these significant reactions in more 
detail, particularly with the aim of identifying the specific polypheno- 
lic compounds and the types of amino acids involved, as well as the 
nature of the enzymic or catalytic components that initiate the pri¬ 
mary oxidation of the phenols to quinones. 

(g) Fate of the Alkaloids. (1) General Correlations. In contrast 
to the uniform pace at which the reaction of the amino acids pro¬ 
ceeds through all the phases of the tobacco processing, the dis¬ 
appearance of alkaloid nitrogen, and particularly of nicotine nitrogen, 
remains dormant in the curing phase and reaches but moderate pro- 
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portions during the natural sweat. In the phase of resweat, how¬ 
ever, it develops into the dominating process. This characteristic 
difference in timing makes it de ipso unlikely that the o-quinone - 
amino acid complexes act as catalysts also for dehydrogenation or oxi¬ 
dation of the alkaloids in the same way as they do for the oxidation of 
excess amino acids. James, Beevers, Roberts, and DeKock (92) as 
well as Jackson and Kendal (90) have shown that the complexes 
formed between secondary amines and quinones are inactive as redox 
catalysts, and that no complex formation occurs between tertiary 
amines and quinones. Furthermore, no indications exist for the ca¬ 
talysis of alkaloid dehydrogenation or alkaloid oxidation by the qui- 



Fig. 1. Nicotine contents (—) and sweat resistances (-) of 

various groups of Pennsylvania seedleaf tobacco in average values 
per crop. 

none - amino acid complexes. Nicotine is a tertiary nitrogen base, and 
the amounts of ^^minor alkaloids,” such as nornicotine, that contain a 
secondary basic nitrogen atom are relatively small in cigar tobacco 
leaves. Hence, it appears unlikely from a chemical viewpoint that 
the transformations of the tobacco alkaloids proceed by the same 
mechanism as do the conversions of the amino acids. 

The quantities of alkaloids present in the tobacco leaves prior to re~ 
sweat exert a controlling influence on the intensity and speed of fermen¬ 
tation. Furthermore, the rate at which the alkaloids disappear 
^‘analytically” from the leaves runs strictly parallel to the intensity 
and thoroughness of the fermentation as manifested by the typical 
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external signs of a “good sweat/' Extensive studies with many sam¬ 
ples of various crops of cigar leaf tobacco (58) have led us to the fol¬ 
lowing specific conclusions: 

(1) The higher the initial alkaloid content of a given cigar leaf tobacco sample, 
the higher its ^Weat resistance”* (see Fig. 1). 

{2) The larger the percentage decrease of the alkaloids in the resweat of a given 
sample, the better its “sweat rating.” 

(5) The lower the final alkaloid content of a sweated sample, the higher its 
quality as a smoking tobacco. 

It would be aiw^versimplification to conclude from these findings 
that the conversion of alkaloids into other products is the sole pur¬ 
pose of the resweat operation. Rather, it appears likely that the re¬ 
moval of the alkaloids, beijig desirable per sc, is still more important 
in its consequences, insofar as it eliminates with the alkaloids typical 
inhibitors of oxidative reactions. 

Inhibitive effects of nicotine on oxidative reactions have been observed for 
simple oxidations in liquids (63). 

The resweat seems to operate by way of a “trigger mechanism" 
which, with the removal of the alkaloids as initial obstacles, leads to 
the oxidative conversion of incomparably larger amounts of other leaf 
components. The inhibitory effect of the alkaloids on the reactions 
typical for resweat is clearly demonstrated by the great difficulty of 
initiating resweat, as observed by rise of temperature, change of pH, 
improvement of smell, and weakening of texture with samples that 
contain alkaloid nitrogen exceeding values of about 0.60%, or 
roughly 3.4% of nicotine. The gradual decrease of the alkaloids 
during resweat leads to an increasing intensification of the reactions 
in the leaf tissues during the sweat process (temperature rises, etc.), 
an effect which is counteracted later on by loss of water from the 
leaves. As a result, leaves rich in nicotine show a maximum of sweat¬ 
ing activity at some point around the half-way mark of the resweat 
process. 

(2) , Specific Analytical Methods for Alkaloids. The decrease of nico¬ 
tine during fermentation has been known since the earliest chemical 
studies of this process (8,12,13,17,19,50,57,67,122,135,147). How- 


* The “sweat resistance” of a given sample of tobacco is higher, the larger the 
number of heat shakes and amounts of casing water required to ferment it satis¬ 
factorily and the longer the duration of its resweat. 
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ever, very little work has been devoted to the investigation of the 
causes for this decrease and of the chemical fate of the disappearing 
alkaloids. Occasionally, the disappearance of the alkaloids, in spite 
of insufficient experimental evidence, was ascribed to their trans¬ 
formation into ammonia or methylamine or pyridine, or to an evapo¬ 
ration of the alkaloids from the leaves. The main reason for this un¬ 
certainty in regard to the chemical fate of the alkaloids was the lack of 
good analytical methods or, rather, of efficient organic chemical 
methods to be employed in the search for any conversion products. 
In recent years, in the author^s laboratory, a systematic study of this 
specific problem was undertaken in which special methods, including 
color reactions specific for pyridine compounds, selective solvent 
extractions, and optical metlirnis (209) were developed for the purpose 
of obtaining more detailed information on the chemical reactions 
resulting in degradaticm of the alkaloids (60a,61,62). 

(3) Nature of Alkaloid Conoersions. These studies have not yet 
been completed. However, they leave no doubt that stepwise de¬ 
hydrogenations and oxidations are the main reactions that lead to the 
disappearance of a large proportion of nicotine and of the minor alka¬ 
loids. Parallel to this chemical conversion runs a moderate vola¬ 
tilization of the alkaloids and, just as in the case of the evaporation of 
ammonia, it reaches its highest rate toward the end of the resweat 
process as a result of the pH shift. Removal of the inhibiting nicotine 
leads to an intensification of additional oxidative reactions, including 
oxidative removal of organic acids. This removal of acids shifts the 
pH of the leaf tissues toward higher values. Hence, the decrease in 
alkaloids accelerates itself after a slow start. As a rule, nicotine-rich, 
and therefore sweat-resistant, tobacco shows a definite induction pe¬ 
riod of its resweat activity during which the alkaloid content drops 
only slightly. 

(4) Disappearance of Nicotine and Nornicotine. Presence of Minor 
Alkaloids. The major alkaloid present in cigar leaf tobacco is, as a 
rule, nicotine (59). (Nornicotine is the major alkaloid in certain 
cigarette tobaccos—see Part I, page 345.) Depending on growing 
conditions, the amount of nicotine in cured leaves varies from about 
1 to 5.8% (0.2 to 1.0% of nicotine nitrogen). Of the related alkaloids, 
nornicotine is present in smaller quantities which, in Pennsylvania 
Seedleaf tobacco, corresponds to approximately one-tenth of the nico¬ 
tine present. We have experimental indications that additional, 
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small amounts of other alkaloids, probably myosmine and possibly 
some other related alkaloids, are contained in cured cigar tobacco 
leaves (62). However, the amounts of these minor alkaloids seem to 
be limited to the order of magnitude of about 0.05 to 0.15% (0.01 to 
0.03% of alkaloid nitrogen). After a satisfactory* fermentation, the 
nicotine content of the leaves drops to a value between 0.15 to 1% 
(0.03 to 0.2% of nicotine nitrogen). In extremely well sweated leaves, 
the nicotine content can even drop to practically zero. This large 



NUMBER OF SAMPLES 

Fig. 2. Frequency distribution of nicotine and nornicotine in thirty samples 
of the 1939 crop of Pennsylvania Seedleaf tobacco, before (B.F.) and after 
(A.F.) fermentation. 


decrease corresponds to the disappearance of 60 to 90% of the nico¬ 
tine present prior to fermentation. As a rule, most (about two-thirds 
to four-fifths) of this drastic loss of nicotine occurs during resweat 
of the leaves, particularly in the case of nicotine-rich leaves. In the 
previous phase of the natural sweat, the loss of nicotine is less con¬ 
spicuous. Compared with the striking disappearance of nicotine 
during fermentation, the relative loss of nornicotine is smaller; this 
alkaloid decreases on an average by amounts equaling 30 to 50% of 
its initial amount. As to the accompanying myosmine, the analyti¬ 
cal methods for the determination of minute amounts of this unsatu- 

* In insufficiently sweated tobacco, the alkaloid content changes but little. 
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rated alkaloid are not yet dependable enough to warrant final conclu¬ 
sions regarding its changes during fermentation. However, it seems 
that myosmine does not decrease, but rather increases slightly, dur¬ 
ing resweat—which may indicate that it plays an important role as 
intermediate between nicotine and its transformation products. In 
Figure 2, the changes of nicotine and nornicotine are shown for 30 
samples of the 1939 crop of Pennsylvania tobacco as analyzed in our 
laboratory. As pointed out previously, the amount of nicotine that 
evaporates as such from the tobacco leaves during the sweat process 
can be roughly estimated to about 0.58% of nicotine, based on tobacco 
dry weight, or to 0.10% of nicotine nitrogen, a quantity considerably 
smaller than the total disappearing nicotine which, in well fermented 
leaves, corresponds to an average of 2.9%, or to 0.50% of nicotine 
nitrogen. 

(J) Transformation Prod acts of Alkaloids. The major part of the 
alkaloids is transformed into substances that remain in the leaves. 
Some information regarding these transformation products of the 
alkaloids has been gathered by us in recent years (60a). 

The analytical procedure employed for the discovery and study of the alkaloid 
transformation products consists in the quantitative removal of the alkaloids 
proper from tobacco powder or from aqueous tobacco extracts, followed by an 
investigation of the remaining fraction. Removal of the alkaloids is easily achieved 
since they are, in the form of the free bases, soluble in hydrocarbons like hexane, 
whereas their transformation products are not extractable by hydrocarbon sol¬ 
vents. The transformation products of the alkaloids include various classes of 
compounds. Some of the classes can be obtained as separate fractions. 

One of our methods for the detection and analysis of a first individual group* 
(A) of these compounds consists in precipitating them from alkaloid-free aqueous 
tobacco extracts with silicotungstic acid. The disadvantage of the method is that 
a certain amount of other leaf components, particularly substances we identify 
tentatively with water-soluble amino acid-quinone complexes, is precipitated by 
the same reagent (see page 382), together with the alkaloid degradation products. 
A more satisfactory, although more cumbersome, method for obtaining the “group 
A” degradation products of the alkaloids consists in an exhaustive chloroform ex¬ 
traction of tobacco powder that has been freed of its alkaloids by a previous extrac¬ 
tion with neohexane (2,2-dimethyIbutane). Chloroform does not extract the amino 
acid-quinone complexes. In shed-cured leaves, no alkaloid transformation prod¬ 
ucts of Class A are present. After the natural sweat, small but analytically detect¬ 
able amounts can be found; after the resweat, they are present in the fermented 
leaves in amounts of about 0.15 to 0.20% ^‘previous alkaloid'' nitrogen, corre- 

* This method and further data on the analysis of nitrogenous components of 
the tobacco leaf will be published by this laboratory in 1950. 
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spending to 0.87 to 1.16% of “previous nicotine." In other words, some 35 to 45% 
of the total nicotine which disappears during fermentation can be accounted for 
in the form of compounds contained in this Fraction A. The following properties 
of these substances justify their classification as transformation products of the 
alkaloids; 

(1) They contain the pyridine ring, just as do the tobacco alkaloids. 

(2) They increase proportionally to the decrease of the alkaloids. 

(5) They resemble the alkaloids in their ultraviolet absorption spectrum, color 
reaction with 2,4-dinitrochlorobenzene, and precipitation with silicotungstic a(;id. 

(4) About 50% of these substances can be reconverted into nicotine by nascent 
hydrogen. 

(A) In all their prOjI^ties, the substances contained in this fraction are very 
similar to products obtained by L. Weil (234) from nicotine via its photochemical 
oxidation in the presence of methylene blue, which serves both as optical sensitizer 
and as hydrogen acceptor. 

The specific structure of the Class A alkaloid transformation products is still 
unknown, but there can be no doubt that they are oxidation products of nicotine*. 
The irradiation products obtained by Weil (234), which are closely related to, if 
not identical with, the compounds of this Class A in fermented tobacco leaves, 
according to Weil contain two oxygen atoms attached to one nicotine molecule. 
The exact position of these two oxygen atoms in the molecule is still unknown, 
but it is likely that one of them is linked to th(5 methylated tertiary nitrogen atom 
of the pyrrolidine ring, just as is the case in oxynicotine. As to the position of the 
second atom, nothing definite is known. One may speculate that a compound 
of structure IV is a possibility because treatment of Weil’s irradiation product 
with strong mineral acid follo\ved by distillation, yields pseudo-oxynicotine (VI), 
which, according to recent investigations of Woodw^ard and co-workers (80,246), 
rapidly establishes equilibrium with A-methylmyosmine (V) in aqueous solutions. 



(V) iV-methylmyosmine (VI) pseudo-oxynicotine 


Compound IV corresponds to the hydrated form of V with the difference that 
an additional oxygen atom is linked to the tertiary nitrogen atom. It is quite 
likely, in view of various observations made with this fraction, that the chloroform- 
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soluble oxidation product of nicotine is not one single compound but a mixture 
of closely related compounds. Further work is required to explore the constitution 
of this substance or substances. 

Other transformation products of nicotine can be extracted by means of alcohol 
(Classes B and C) from tobacco which previously had been freed from alkaloids 
as well as from the Class A transformation products. In this alcohol extract, addi¬ 
tional pyridine derivatives are contained which are soluble neither in hydro¬ 
carbons* nor chloroform. One of the substances present in this fraction is nico¬ 
tinic acid, which can be ether-extracted from Fraction B plus C after acidification 
to pH 3 (Fraction C). Amounts ranging up to 0.04% of nicotinic acid nitrogen, 
or of 0.36% of nicotinic acid, were isolahid (61) and determined in this way from 
well ferm(;nted leaves, against amounts of only about 0.003% nicotinic acid nitro¬ 
gen, or of 0.027% nicotinic acid present in the same leaves prior to fermentation. 
Considering that the nicotinic acid <lerived from nicotine contains but one-half 
of the total previous alkaloid nitrogen, the increase of this compound during fer¬ 
mentation corresponds to 2(0.04 0.003)%, or to 0.074% of nicotine nitrogen 

which disappeared during the sweat of th(‘se leaves. Although the conversion 
into nicotinic acid involves only about one-sixth of the total disappearing nicotine, 
the acid formed in this vvay is nc'vertlieless enough to make its quantity in fer¬ 
mented tobacco leaves larger by a factor of about 10 to 20 than the quantities found 
in any other vegetable source. Obviously, during fermentation of the leaves, the 
acid is formed from nicotine by oxidative removal of the pyrrolidine ring, prob¬ 
ably via intermediates in which the pyrrolidine ring has been opened to an ali¬ 
phatic side chain. Whether the compounds of Class A are such intermediates 
between nicotine and nicotinic acid is still undecided. After extraction of the 
nicotinic acid (C), the remaining alcohol fraction (B) seems still to contain other 
pyridine derivatives. The exploration of this fraction, however, has so far met 
with little success. Both the type and the quantity of the pyridine compounds 
contained therein are still very doubtful. Somcj semiquantitative determinations 
indicate the presence of roughly 0.04 to 0.06% of “previous alkaloid nitrogen” 
in this group. 


(6) Balance for Nicotine Nitrogen. The fate of nicotine in ferment¬ 
ing leaves can be summarized according to our present knowledge 
shown in the accompanying scheme. 


Nicotine 

nitrogen 


0.65 B.F.— 


->0 20 un(!hanged nicotine nitrogen 
->0 17 in h'rac, A (nicotine with 2 oxygen atoms 
attached) 

->0 05 unknown oxidation product in Frac. B (esti¬ 
mated only) 

->0.07 nicotinic acid nitrogen times 2 in Frac. C 
^0.08 evaporates as unchanged nicotine nitrogen 
-> (estimate only) 

->0.08 unaccounted for 


Total _ 0.65 A.F. 

* Nor in ethyl ether, which can be used fi)r the extraction of the alkaloids proper 
instead of hydrocarbons. However, ethyl ether is somewhat less selective as a 
solvent whenever it contains even small amounts of water. 
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The numerical values given in this summary vary from one to¬ 
bacco sample to the next, but they can be considered as being of the 
correct order of magnitude for reasonably well fermented leaves. 
The balance of ^^unaccounted for’^ nicotine nitrogen (0.08%) may be 
due to errors in the estimated values for Fraction C and for the quan¬ 
tities of nicotine that evaporate. More likely, however, they repre¬ 
sent the nitrogen of degradation products which have not yet been 
discovered. In particular well fermented leaves in which the nico¬ 
tine nitrogen content has dropped to as low a level as 0.05%, the quan¬ 
tities of ^‘unaccoiy^.ed” transformation products of nicotine are larger 
than 0.08% and can be as high as 0.12%. At the same time, the 
accrual of insoluble nitrogen in such very thoroughly sweated leaves 
exceeds considerably the quantity to be expected as the result of 
newly formed, insoluble amino acid - quinone complexes. This may 
indicate that some highly degraded alkaloid nitrogen has been shifted 
into the insoluble fraction. If the oxidative attack does finally de¬ 
stroy even the pyridine ring of the alkaloids or alkaloid degradation 
products,* the chance of identifying the fragments by chemical 
meanst appears very slim. The same applies for any transformation 
products of a highly polymerized type that have become insoluble in 
the common solvents. These possibilities of a complete break-up of 
the alkaloids into nonidentifiable split-products must not be over¬ 
looked. 

The mechanism by which these oxidations of the alkaloids are set 
in motion is still unknown. It has already been pointed out that the 
specific oxidation of nicotine deviates from the oxidative deamination 
of the amino acids in its timing in the course of the processing of the 
leaves. The question whether catalytic, enzymic, or bacterial agents 
cause the alkaloid degradation will be discussed later. 

(h) Nitrates and Unknown Acidic and Other Unknown N Com¬ 
pounds. Little can be said about the remaining nitrogen compo¬ 
nents of the leaves. So far no evidence has been found for any con¬ 
siderable transformations of the nitrates in cigar leaf tobacco: their 
amounts remain unchanged during fermentation within the limits 

* One chemical possibility for the opening of the pyridine ring is the substitu¬ 
tion of a hydroxy group in 2-position in the pyridine ring. As Karrer has shown 
(107), this substance can be further oxidized with a simultaneous opening of the 
pyridine ring. Some of our measurements of the ultraviolet absorption of the 
minor alkaloids in very strongly fermented samples make it conceivable that 
measurable amoimts of 2 -hydrox 3 micotine are present in these leaves. 

t The use of radioactive tracers would be indicated to solve this problem. 
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of analytical and sampling errors (58). There is, of course, the possi¬ 
bility that about equal amounts of nitrates are formed, and at the 
same time consumed, but this possibility appears too remote to war¬ 
rant a discussion unless direct experimental evidence is obtained in 
its favor. 

The fraction of ‘'unknown acidic” nitrogenous compounds listed as (3g) in 
Table IX enters into combination wdth magnesium oxide when the latt(!r is added 
to aqueous tobacco extracts in the course of their stepwise analysis for nitrogen 
components. The nitrogenous compounds contained in this fraction seem to be 
acidic. Possibly they comprise aspartic and glutamic acid, or acidic degradation 
products of chlorophyll, or nuchde acid, or substances related to lecithin. Their 
change during fermentation app<3ars to be insignificant.. The same applies to the 
"unknown nitrogen,” listed in (3h), which can be assumed to contain, among 
other nitrogenous groups, the non-t -amino nitrogen of basic amino acids, and 
possibly nonalksloid bases such as tietain, choline, purine, or pyrimidine. 

(i) Ammonia. Most of the ammonium compounds in shed- 
cured tobacco leaves originates initially from hydrolysis of the leaf 
proteins. A quantitative balance shows that a large proportion of 
this ammonia was not preformed in the proteins in the form of amide 
nitrogen. Some of the newly formed ammonia may arise from the 
basic groups of ^‘basic amino acids/^ and some from area and related 
compounds (177). However, these sources appear wholly insufficient 
to explain the large amounts of ammonium compounds formed. 
Hence, it must be concluded that an oxidative deamination of the 
a-amino nitrogen of amino acids is already in full swing at the time of 
curing (59,217-224). In fermentation this process seems to continue 
as outlined previously in our discussion of the amino acid - quinone 
complexes and their catalytic action on excess amino acids. 

A corresponding considerable increase of ammonia would have to 
be found for the fermented leaves were it not for the fact that more 
and more of the free base evaporates from the leaves the farther the 
pH travels toward the alkaline side. Seen from this point of view, 
the final ammonia contents of the leaves are the result of the two 
counteracting factors of the formation and of the evaporation of am¬ 
monia from the tissues. Local conditions, such as temperature, air 
movement, and moisture content, are bound to influence to quite some 
extent the final ammonia content of a given sample of fermented cigar 
leaf tobacco. 

In air-cured cigarette tobacco leaves, the pH values of which range 
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between 5 and 6, the A.F. values of ammonia nitrogen are, as a rule, 
increased in respect to the B.F. values, whereas the reverse is true for 
cigar tobacco leaves that reach a pH between 6.5 and 7 during fer¬ 
mentation. 

6. Summary of the Chemistry of Cigar Leaf Fermentation 

In Table XI, a summary is presented of the chemical changes that 
occur during the resweat phase of cigar leaf fermentation. The data 
in this table aroafche over-all results of the chemical changes discussed 
in the preceding text. The ^‘analytical decreases^^ listed in column 
5 of Table XI correspond to the disappearance of the individual com¬ 
ponents as concluded from the specific analytical methods by which 
they were determined. This means, for instance: for carbohydrates, 
the loss of reducing power; for pectins, the loss of the capacity to de¬ 
velop carbon dioxide under the conditions of the Lef^vre-Tollens 
method; for polyphenols, the loss of reducing power of those sub¬ 
stances precipitated with lead acetate; for resins, the loss of petro¬ 
leum ether or ether-extractable substances; for organic acids, the 
loss of titratable acidity in an ether extract made from acidified to¬ 
bacco powder; and for nitrogen compounds, the loss of distillable 
ammonia and distillable alkaloids, etc. In the preceding discussion, 
it was emphasized that these “analytical losses^^ must not be mis¬ 
interpreted as “total losses from the leaves,'^ a point often ignored in 
the literature. To illustrate this point, columns 6 and 7 list the “real 
losses^’ from the leaves, and columns 8 and 9 the types and quan¬ 
tities of substances that arise in the fermenting leaves via chemical 
transformation of some of the analytically disappearing leaf compo¬ 
nents. The sum of the “real losses'' must equal the observed total 
loss of dry weight. 

The values for the “analytical decreases" depend on the specific 
analytical procedures employed. Thus, a large decrease of poly¬ 
phenols concluded from an observed large loss of reducing power in 
the polyphenol fraction may be contradicted by an analytical method 
based on measurements of the tanning action {e.g.j gelatin coagu¬ 
lation) of the polyphenols. Whereas the former method registers 
the unoxidized phenolic hydroxyl groups only, the latter responds also 
to the quinoid substances formed by oxidation of the phenolic groups. 
Only thorough and critical investigations of every special sector of 
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the leaf components will finally clarify the complex chemical changes 
occurring in the leaf tissues. 

This concludes our discussion of the main chemical effects of the 
fermentation of cigar leaf tobacco. Despite the elucidation of some 
of these effects, much more work will be required before we shall be 
able to recognize the essential reactions of certain leaf components— 
for instance, the chemical changes of the resins and volatile oils. 

D. AGING OF FLUE-CURED CIGARETTE TOBACCO 

The techniques used for the aging of flue-cured cigarette to¬ 
baccos, and the chemical changes which occur during this process, 
are in many respects basically different from the sweat of cigar filler 
tobacco discussed above (3-5,38-40,45,68). The various other kinds 
of tobacco fermentaticjn lie between these two extreme types. The 
following report on the presently known facts about the aging process 
of flue-cured tobacco will therelore serve to stake out the limits of 
the entire field of tobacco fermentation. 

L Composiiion Prior to Aging 

Starting with harvest time, the leaves of typical flue-cured ciga¬ 
rette tobaccos have a chemical composition that deviates considerably 
from cigar tobacco leaves. Tables I and II on pages 313 and 315 in 
Part I demonstrate this basic difference. The contrast between the 
two types becomes even more marked with the further processing of 
the leaves. In shed curing of the flue-cured tobacco types, very high 
final temperaUires (up to 93 °C.) are employed which inactivate most 
of the leaf enzymes, “freezing^^ the composition of the leaves at this 
moment. Another factor that paralyzes most of the chemical ac¬ 
tivity in flue-cured tobacco is the relatively low moisture content of 
the leaves (10-15%) at the completion of their shed curing. How¬ 
ever, certain changes occur in shed curing prior to inactivation of the 
leaf enzymes, such as hydrolysis of proteins to amino acids and to am¬ 
monia, hydrolysis of polysaccharides to simple sugars, and an initial 
attack on the pectins and related materials of the cell walls. In con¬ 
junction with the high temperatures at the end of the curing, this 
action on the cell walls frees some of the polyphenolic compounds in 
the leaves, an effect demonstrated by Roberts (Sect. IIB2d2) by show¬ 
ing the oxygen uptake of flue-cured leaves if tested in an aqueous 
suspension. However, because of the low moisture of the leaves, the 
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larger part of the polyphenolic substances remains unoxidized in the 
normally processed leaves of flue-cured types. 

2. Technique of Aging 

Before aging, the flue-cured tobacco is usually stored for a period 
from two weeks to four months, at which time it has a moisture con¬ 
tent of 15 to 25%. Immediately before aging, the leaves are ‘^re- 
dried^^ in special machines and reconditioned to a well defined mois¬ 
ture content which lies below the limit above which spoilage by mold¬ 
ing would bec(jjjje dangerous. According to Dixon et al. (45), the 
tobacco temperature is raised in the redrying process to as high as 82° 
C. and the moisture content drops simultaneously from about 18 to 
about 6%. The redried tobacco is permitted to reabsorb moisture 
under controlled conditions until its humidity content is 9 to 10%. 
In this state, it is packed into hogsheads (see Table II), and stored at 
the ambient temperatures of 3° to 30 °C. (seasonal temperatures) for 
two to three years. In contrast to the repeated interruptions em¬ 
ployed in the sweat of cigar leaf tobacco which provide new supplies 
of oxygen to the leaves, the aging of flue-cured types is not disturbed 
at all over its entire duration. Furthermore, both processes differ 
conspicuously in the water contents of the tobacco (up to 50% for 
cigar filler leaf, about 10% for flue-cured), and in the temperature and 
humidity of the surrounding atmosphere (about 50 °C. and 60% rela¬ 
tive humidity for cigar filler leaf, and up to 30 °C. and “natural^' rela¬ 
tive humidity for flue-cured). 

The much milder conditions imposed on the flue-cured tobacco, 
and its previous treatment, result in a correspondingly weaker re¬ 
sponse of the leaves compared with the high activity of sweating cigar 
leaf tobacco. No temperature rises are observed, carbon dioxide evo¬ 
lution remains at a very low level, and the total weight loss stays 
below 1 to 2%. On the other hand, the odor of the tobacco pro¬ 
gressively changes into a more pleasant aroma, its water-holding capac¬ 
ity decreases from 9 to 4% moisture content (at 39 °C., 50% relative 
humidity), and its color changes from a bright to a dull yellow. These 
are all signs for a restrained but nevertheless beneficial effect of the 
aging process on the flue-cured leaves. 
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3. Analytical Results 

Only one extensive* analytical study of the aging process of flue- 
cured tobaccof has been published by Dixon, Darkis, Wolf, Hall, 
Jones and Gross (45). In this investigation, a few characteristic leaf 
components were determined in six monthly intervals over an aging 
period of thirty months. Six types of flue-cured cigarette tobacco, 
and of every type representatives of crops of three different years, 
were analyzed. No indications were found for striking deviations of 
any single type or crop from the-general trend of chemical changes. 

The tobacco samples investigated by Dixon et at. in this study of the 
aging process had a composition which corresponded, within the 
limits of the usual variations, to the average values listed in Table 
XII. 

That is, as far as the reported analytical data go. Table XI on page 364 in 
Part I of this survey conlains slightly different data for the composition of flue- 
cured tobacco types. The values of both tables lie within the limits of common 
variations. 

Of the many leaf components, only those listed in Table XIII were 
analyzed in this investigation by Dixon and co-workers. 

From these analytical data, it can easily be seen that the chemical 
effects caused by the aging of flue-cured tobacco are considerably 
smaller than the changes observed for sweating cigar tobaccos. These 
first analytical data on the aging process cover only a few selected leaf 
components, and no comprehensive picture of the over-all changes 
during aging can be developed from them without additional analyti¬ 
cal determinations. Nevertheless, they prove to be of considerable 
value because they permit us to arrive at certain general conclusions 
about the chemical aspects of the aging process. 

(a) Changes of Carbohydrates and of “nonvolatile Acids The 
largest analytical change observed by Dixon et al. is that of the 
“total sugars.’^ Another conspicuous effect is the considerable in¬ 
crease of the water content of the leaves during the aging process. 
Since the aged tobacco has a very low water-holding capacity (about 

* Some data on Netherland Indies flue-cured cigarette tobacco are reported by 
Nijholt (155). 

t More data are available on the aging of air-cured cigarette leaf (see Table 
XII). However, these investigations have been made on a large number of tobacco 
types grown under different conditions. It would be difficult, if not impossible, 
to coordinate these data in a sensible pattern. 



TABLE XII 

Flue-Cured Cigarette Tobacco Before Aging—Average Composition (All Values Listed in Per Cent of Tobacco 
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4% water content, in equilibrium with air of 50% relative humidity 
at 39°C.), this increase in water content is obviously not caused by 
any equilibration of the tobacco with the moisture of the air sur¬ 
rounding the hogshead. Therefore, the increase of water in the leaves 
must originate from the generation of “reaction water,” resulting from 
chemical conversions within the leaves. The moderate tempera¬ 
tures of the tobacco, and the slowness of diffusion of gases and vapors 
through the walls of the hogshead, favor the retention of this reaction 
water within the bulk of the tightly packed tobacco. 

If all the “an^jJj^tically disappearing” carbohydrates were quanti¬ 
tatively oxidized to carbon dioxide and water, about 25 g. CO 2 and 
10.2 g. H 2 O would be obtained for every kilogram of tobacco. The 
latter value corresponds to 1.02% of newly formed moisture, and is 
fairly close to the observed increase of the tobacco moisture of 1.40%. 
Additional amounts of carbon dioxide (about 6 g./kg. tobacco) and 
of water (about 3 g./kg., or 0.3%) would originate from the “ana¬ 
lytically disappearing” “nonvolatile organic acids” if they too were 
exhaustively oxidized during the aging period. 

Although a respiratory combustion of the sugars and nonvolatile 
acids would thus explain the increased water content of the aged 
leaves, a complete oxidation of the analytically disappearing sugars 
and acids proves to be extremely unlikely, in view of further obser¬ 
vations. The amount of tobacco stored in one hogshead, of some 450 
kg. (see Table II), would generate the large amount of 10.3 to 12.6 
kg. CO 2 , as a result of the complete combustion of the carbohydrates 
and nonvolatile acids that disappear during the aging. This amount 
of carbon dioxide is equivalent to about 6500 liters of pure carbon 
dioxide, under the temperature and pressure conditions employed. 
Considering that the internal volume of the hogshead is about 1500 
liters and its gas-filled volume about 890 liters, this implies that the 
quantities of carbon dioxide which would be evolved during aging 
would suffice to replace four to seven times the volume of the air within 
the hogshead. Even permitting for a considerable seepage of gas 
from and into the hogshead, a very high concentration of carbon di¬ 
oxide would be built up under these conditions in its interior. There 
are, however, no indications whatsoever for such an effect. The 
carbon dioxide contents inside the hogshead were determined fre¬ 
quently by Dixon and co-workers during the first month of aging, 
and thereafter every month for one full year. The contents found 



CHEMICAL CHANGES IN THE HARVESTED TOBACCO LEAF 405 


during the first months ranged between only 1 and 8 volume parts in 
1000 and in the following year remained rather constant at the very 
low level of 6 volume parts in 10,000. Even at the highest con¬ 
centrations, these carbon dioxide contents do not exceed a total 
amount of about 15 g. inside the hogshead. Considering that we 
derived a hypothetical average value of about 11,000 g. total carbon 
dioxide output (assuming a total oxidation of the sugars and non¬ 
volatile acids), this would mean that the gas content of the hogshead 
would require a complete turnover in the first month of aging—at 
least every hour, in order to keep the level of carbon dioxide concen¬ 
tration down to the low concentrations found analytically. This 
consequence of the total combustion mechanism is evidently absurd, 
and the hypothesis of a complete oxidative degradation of the sugars 
and nonvolatile acids has to 1 e abandoned. 

A second fact supports this conclusion, namely, the decrease of pH 
during the aging process. As we shall see, a removal of basic organic 
leaf components occurs only to a very small extent, if at all, during 
aging. Hence, the observed increase of acridity of the leaf tissues must 
originate from the formation of acidic substances in the leaves. The 
observed change of pH from about 5.3 to 4.8 can be estimated roughly 
to be caused by a 10% increase of acids in the leaf tissues. Since the 
initial acid content of the tobacco is about 1.3 milliequivalents per 
gram, an increase by some 0.10 to 0.16 milliequivalent would suf¬ 
fice to cause the observed decrease in pH. The amount of sugars 
which disappears “analytically^^ in aging, per gram of tobacco, is 
about 0.1 millimole of hexose. Production of about two molecules 
of acid, via the partial oxidation of one molecule of hexose, would 
therefore cover the requirement for newly formed acids. Dixon et al. 
reported a decrease of the “nonvolatile acidity,” an observation which 
seems to contradict this conclusion. However, the acids determined 
and included in this term are limited to those organic acids which 
(e.g.f citric and malic acids) are soluble in ethyl ether and are further¬ 
more nonvolatile at 100°C. with steam. It is clear that a large num¬ 
ber of acids known to exist in tobacco, e.g., oxalic,* pectic, and uric 
acids, and the lower volatile members of the fatty acid series (formic, 
acetic, propionic, butyric, valeric, etc.) will partly or completely re¬ 
main undetermined by the analytical method used by Dixon et al. 


Volatile with steam according to Vickery and Pucher (221). 
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Hence, any increase of acids of these and related types would remain 
undetected as long as the analysis of acids is limited to the ^‘nonvola¬ 
tile acids.” Definite increases of volatile acids, particularly of formic 
and acetic acids, have been reported for air-cured tobaccos, another 
indication that our conclusion may be justified concerning the forma¬ 
tion of new types of acids from the disappearing sugars and nonvola¬ 
tile acids. 

A partial oxidation of the carbohydrates, or of the higher molecular 
hydroxy acids like citric and malic acids, to acids which are not ether- 
soluble or which are volatile, would yield quantities of reaction water 
smaller than the quantities obtained from a total oxidation of these 
compounds to carbon dioxide. The deficit will be some 40 to 60%, 
depending on the types of acids formed. However, since various 
additional leaf components, such as the resins, pectins, pentoses, and 
phenols, and their changes were not determined in the study of Dixon 
et al.j the source of reaction water is not necessarily limited to the 
sugars and nonvolatile acids. In fact, the considerable demethoxyl- 
ation of pectins observed by other investigators in the aging of 
air-cured cigarette tobaccos, and the decrease of resins found for the 
same type, make it quite likely that these or similar conversions also 
occur in the aging of flue-cured types. 

(b) Changes of Nitrogenous Compounds. For the nitrogenous 
compounds, the results of the investigation by Dixon and co¬ 
workers again yield no complete data, but valuable indications 
regarding the chemical changes of these compounds during the 
aging. 

The loss of total nitrogen, amounting to 0.13% of the dry to¬ 
bacco weight, is about twice as large as the loss determined by Nijholt 
for the aging of a Netherland Indies flue-cured cigarette tobacco. 
Whereas the loss of total nitrogen by sweating cigar tobacco can be 
attributed to increased alkalinity of the leaf tissues and to the result¬ 
ing liberation of ammonia and of nicotine from the leaves, similar 
reasoning is not very convincing for flue-cured tobacco, which becomes 
progressively more acidic during aging and which therefore presents 
an increasingly less favorable medium for the release of basic con¬ 
stituents. 

Concerning evaporation losses, it should not be overlooked that flue-cured 
tobacco, immediately before the aging period, is subjected to the redrying process 
in which t(mi|)eratures of about 80 °C, are reached. According to Dixon et al., 
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the tobacco mass, just after its packing into the hogshead, may retain a tempera¬ 
ture as high as 45 °C. for some 10 to 12 hours. Kingsbury, Mindler, and Gilwood 
(110) report that flue-cured cigarette tobacco that initially contained 2 to 3% 
nicotine lost about 0.18% per tobacco dry weight of nicotine or 0.031% of nico¬ 
tine nitrogen in the redrying operation. Evidently alkaloids can evaporate at 
80 °C. in this order of magnitude even from a medium of an average pH of 5. 
However, the losses that may occur during redrying are not included in the nico¬ 
tine nitrogen loss of 0.06%* reported by Dixon and co-workers, since these in¬ 
vestigators sampled their leaves for the pre-aging analyses after completion of the 
redrying operation. In view of the much lower temperatures through the aging 
period and of the increasing acidity of the tobacco, it thus appears extremely un¬ 
likely that the observed analytical nicotine decrease during aging can be entirely 
explained by evaporation of the alkaloid from the tissues. 

By the same reasoning, it hardly appears possible that volatilization 
of ammonia, or of organic basi s from the leaves, would amount to as 
much as 0.13%, i.6., to the loss of total nitrogen of flue-cured tobacco 
reported by Dixon et ah Any satisfactory explanation of the loss of 
total nitrogen, theref(.‘re, must be based on an alternative mechanism. 

It is conceivable that some volatile nitrogenous compounds which may form in 
the leaves are only weakly basic, as, pyridyl ethyl ketone, a compound found 
in tobacco smoke (237,238). However, the amounts of substances of this type, if 
formed at all, appear to be by far too small to account for the total nitrogen losses. 

An evolution of nitrogen in elementary form has been found to 
occur in the green leaves of tobacco and of other plants (43,88,137, 
159,160,224). The authors who investigated this effect ascribed it 
to the presence of nitrites and amino compounds in the tissues, which 
react in an acidic medium according to the well known scheme: 

R'NHs 4 ONOH-► RT)H 4 HjO 4 N 2 

Conditions for the performance of this reaction are: an acidic medium, 
the presence of compounds with primary amino groups (preferably 
amino acids), and the presence of nitrites or of a combination of ni¬ 
trates and reducing substances (such as reducing sugars). These 
conditions prevail in the leaves of flue-cured tobacco with the one 
limitation that the quantities of nitrates contained in the tissues are 
quite small as far as can be judged from the very few determinations 
of nitrate nitrogen made for this tobacco type. If we accept the 
value of 0.04% for nitrate nitrogen from Table XII, the largest pos- 

* Nijholt (155) reports a nicotine nitrogen loss of 0.02% after aging, but this 
figure is not very reliable becau.se different batches of tobacco were sampled for 
the pre-aging and after-aging analyses. 
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sible quantity of elementary nitrogen that could be produced by the 
nitrite-amino reaction would amount to 0.08%. Allowing for the 
very modest evaporation of 0.02% ammonia plus amide nitrogen, 
which equals the value estimated by Dixon for the decrease of these 
components in aging, and for an evaporation of as little as 0.01% 
alkaloid nitrogen, we derive for the total loss of nitrogen the figure of 
0.11%, close to the determined average loss of 0.13%. This hypo¬ 
thetical interpretation of the analytically observed changes of nitroge¬ 
nous compounds still does not explain the observed disappearance 
of an addition^ 0.05% nicotine nitrogen (or of 0.29% nicotine). 
It would be desirable to investigate aged flue-cured tobacco by means 
of the methods developed in the field of cigar tobaccos for the 
discovery and determiinition of alkaloid transformation products. 
Only thus can dependable conclusions be reached as to the causes for 
the total observed nicotine decrease. The fate of the analytically dis¬ 
appearing a-amino nitrogen would have to be elucidated by a similar 
detailed investigation. If the amino nitrogen has, in fact, reacted 
with reduced nitrates to form elementary nitrogen, its recovery, even 
in a changed form would, of course, be impossible. If, however, part 
or all of the disappearing a-amino nitrogen has condensed with other 
leaf components, a reasonable chance would exist for either identify¬ 
ing the newly formed compounds or for regenerating from them the 
a-amino nitrogen by hydrolysis, reduction, or a combination of both. 
Dixon and co-workers suggest the possibility that a reaction takes 
place in aging between amino acids and sugars, yielding highly colored 
aromatic products (mclanoids) (1,136,184). Various authors have 
studied this type of rea(^tion and Dixon et al. point to the coloration 
of the condensation products and to their odor as indications that 
similar substances may be formed in the leaves during aging. It may 
well be that condensations of this kind occur in the leaf tissues. In 
addition, a formation of complexes between amino compounds and 
polyphenols should also be considered and tested, as an alternative 
possibility to condensation reactions involving amino nitrogen groups. 

A more complete picture of the aging process would require many 
further studies including investigations of the changes of the pec¬ 
tins, the polyphenols, and particularly the resinous leaf components. 
It can be expected that a detailed identification of these substances 
in flue-cured leaves will by no means be easier or less complicated than 
in cigar tobaccos, but it appears equally certain that any success in 
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augmenting our knowledge of those leaf components will be an impor¬ 
tant step forward in understanding the chemical background of the 
processing of flue-cured tobacco. 

IV. Hypotheses Concerning the Causative Agents of Tobacco 

Fermentation 

A. THE PROBLEM 

This survey would be incomplete without a section which deals 
with the numerous discussions of the agcmts causing chemical trans¬ 
formations in fermenting tobacco leaves. Iliese discussions have 
centered around the qu(‘stion: Are bacteria necessary for the fermen¬ 
tation of toba(^co, or are the i.ative enzymes of the leaves sufficient 
to sustain this process, or, fjr-illy, can the conversions in the tobacco 
leaves be explained by ^'purely chemicaF^ reactions? 

As is common with arguments that cannot be clearly and convinc¬ 
ingly decided eitliei the dispute among the protagonists of the 
bacterial, enzymic, and chemical hypotheses has been fought inces¬ 
santly, often flaring up into heated debates. 

The ideas concerning the causative agents of tobacco fermentation 
were strongly influenced by the gradual growth of the general concepts 
in chemistry and biochemistry during the last eighty ye^ars. Thus, a 
short historic survey may S(a*ve best in representing the development 
of the hypotheses on the natui*e of tobac(a) fermentation. 

B. THE Df]Vf:LOPMENT OF VARIOUS HYPOTHESES 
/. First Period: 1858-^1900 

In the first period, the ideas concerning the nature of tobacco fer¬ 
mentation had as their sole source observations make on the bulk fer¬ 
mentation of cigar tobacco types, including the intensive sweat proc¬ 
ess for snuff tobaccos. The aging of cigarette tobacco, as prac¬ 
ticed today, was still unknown at that time. 

Koller (119), in 1858, pointed out that the phenomena shown by 
bulk sweating tobacco resemble those of the alcoholic fermentation* 

* Initially, the word ‘Tc'rmentation” was used to signify a gentle bubbling or 
‘"boiling” condition, and the term was applied when the only known reaction of 
this kind was the production of wine, during which carbon dioxide is liberated 
in the form of gas bubbles. After Gay-Lussac studied the process, the meaning 
of the term was changed to signify the breakdown of sugar into alcohol and car¬ 
bon dioxide. Since Pasteur’s investigation as to the causes, the; word became as¬ 
sociated with microorganisms and still later with enzymes (168). 
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in some respects. In following this concept, Koller was the first of 
the investigators who attempted to intensify the sweat of tobacco 
leaves by the addition of yeast. 

In 1867, Nessler (147) in Germany and, in 1868, Schlosing in France 
drew attention to similarities between the bulk fermentation of to¬ 
bacco and the self-heating of other vegetable materials stored in 
tightly packed masses in the presence of moisture. These processes 
have in common the spontaneous rise of temperature, the generation 
of carbon dioxide, the development of characteristic odors, and 
changes in coloi^W the treated material. 

Before and during this period, J. Liebig had had his well known controversies 
with Berzelius and later with Pasteur in regard to the intrinsic nature of catalytic 
and fermentative reactions. In these debates, Liebig opposed sharply any assump¬ 
tion of specific ^^catalytic and fermentative forces,'^ and proposed purely chemical 
and mechanistic interpretations of numerous catalytic and biochemical conver¬ 
sions. It was obviously under the influence of Liebig’s authority that both Nessler 
and Schlosing interpreted tobacco fermentation as a “simple and regular process 
of chemical oxidation.” That “ferments” may also contribute to this process 
was conceded implicitly by Schlosing’s statement that the chemical oxidation of 
tobacco takes place, given proper conditions, “even in the absence of ferments.” 

In the meantime, starting in 1854, Pasteur laid the groundwork of 
modern bacteriology. As a result of his famous investigations, in 
the period from 1870 to 1880, the microbial nature of the lactic acid 
fermentation, of the alcoholic fermentation, and of many other 
processes in materials of vegetable or animal origin became generally 
accepted. The influence of these new discoveries was promptly re¬ 
flected in the contemporary speculations on the nature of the tobacco 
fermentation. 

Pointing to the bacterial nature of both, Fesca and Imai (51) com¬ 
pared the sweat of tobacco with the acidic fermentation of feed in the 
ensilage process, and Pinat and Grouvelle (162) pointed to the bacte¬ 
rial decomposition of manure as an analogy. Hunting for micro¬ 
organisms, various investigators were soon able to show the presence 
of large numbers of bacteria and fungi on tobacco leaves. We men¬ 
tion Suchsland (1891) (208), Miciol (1891) (140), Davalos (1892) 
(42), Behrens (1894,1896) (12,13), Koning (1897) (120), Vernhout 
(1899) (216), and Konig (1899) (116). It would be of little value 
to cite here the numbers of microorganisms per gram of tobacco ob¬ 
served by these authors, or to enumerate the types and strains of 
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microorganisms described by them because all this early work was still 
done with primitive methods. Partly, these authors claimed that 
fermentation was exclusively caused by the activities of micro¬ 
organisms. Suchsland, who is characteristic of men of this attitudcj, 
recommended the inoculation of inferior tobacco types with micro¬ 
organisms obtained from highly aromatic types such as Havana to¬ 
bacco, with the purpose of thus producing a highly improved product. 
Efforts along this line were, however, without any success and have 
remained so up to the present time. 

Other investigators dealt in a more critical way with the now 
firmly established fact that large numbers of microorganisms are pres¬ 
ent on fermenting tobacco leaves. By means of ingeniously planned 
experiments, Schlosing (187-189) investigated the influence of bac¬ 
teria, including cocci, and ot fungi on the bulk fermentation of snuff 
tobacco. Working with sterilized and with unsterilized leaves, he de¬ 
termined the carboii dioxide evolution from the bulks. His results 
implied that at temperatures below 40° to 50®C. the presence of micro¬ 
organisms is necessary to initiate fermentation {viz,^ the generation 
of carbon dioxide), whereas at higher temperatures, particularly at 
70® and 80 °C., fermentation proceeds smoothly and rapidly, even in 
the absence of microorganisms or ferments organisSs (the term used 
by Schlosing). 

Just as the term fermentation, the term “ferments’’ underwent changes in its 
meaning. In Schlosing’s time, “organized ferments” meant the microorganisms 
proper, whereas the term “unorganized ferments” was applied, in a rather vague 
way, to the “active principle” believed to be contained in the microorganisms. 

Since the bulk fermentation of tobacco for snuff production was 
commonly carried out at an average tobacco temperature above 40 ®C., 
Schlosing attributes to the bacteria merely the function of an initial 
generation of heat, after which their participation becomes insig¬ 
nificant. It is interesting to note that the investigations of Obahko 
(156) (see Sect. IIIC2g) carried out some fifty years after Schlosing, 
with other tobacco types and with other methods for detecting chemi¬ 
cal activity of the leaves, led to corresponding conclusions. 

Similar to Schlosing^s cautious attitude toward the ^^bacterial 
hypothesis'' was that of Behrens (12,13). This author, although ac¬ 
knowledging the possibility of microbial activity—particularly that 
of anaerobic bacteria—* in fermenting tobacco bulks, nevertheless con- 
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sidered some of the conversions in the leaves as purely chemical effects 
independent of the presence of bacteria. In view of his analytical 
results (see Table VIII) and of qualitative signs, Behrens compared 
tobacco fermentation to the ensilage process of “brown hay.^^ 

2. Second Period: J901-1933 

Pasteur had tenaciously upheld the opinion that the chemical ac¬ 
tivities exerted by bacteria and fungi are exclusive results of the life 
process of these microorganisms. In 1897, Buchner (30) succeeded 
in obtaining fr<ina yeasts, and later from a number of other micro¬ 
organisms, their “active principle’^ by disrupting the organisms and 
extracting some of the agents which we know today under the name 
of enzymes. It was soqn recognized that the enzymes, although al¬ 
most without exception inactivated by heating to temperatures be¬ 
tween 40° and 110°C. are basically nothing else than chemical sub¬ 
stances of a highly complic^ated structure which include as one main 
component a specific protein (63). The fact that the enzymes or 
“unformed^’ ferments (a synonym for “unorganized^^ ferments) are 
invariably found in living materials or in residues of living materials 
became clear, in view of their relationship to the proteins. The im¬ 
portant conclusion from Buchner^s discovery was that a content of 
enzymes is by no means an exclusive property of living micro¬ 
organisms, but that they are present in form of hundreds of different 
types and specificities in almost all materials derived from plants or 
animals. 

The new era in pure and applied biochemistry which started with 
the discovery of these bio(*atalysts was bound to influence the ideas 
concerning the nature of tobacco fermentation. In a series of papers 
published from 1899 to 1901, Loew (135) developed an “enzymic 
theory^^ of the chemical conversions in tobacco leaves. Using the 
methods available at that time, Loew proved the existence of an oxi¬ 
dase, a peroxidase, and of catalase in the leaf tissues of tobacco. 
These enzymes, easily recognizable through their participation in cer¬ 
tain typical conversions, were found by Loew in green as well as in 
dried and fermented tobacco leaves. Pointing to the presence of 
these biocatalysts in the tobacco plant as the agents which cause the 
oxidative conversions during the fermentation, Loew turned sharply 
against the bacterial hypothesis as an unnecessary and unproved as¬ 
sumption. He backed his argument by the opinion that any effect 
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of the microorganisms on chemical conversions in the leaves could 
be ruled out because their numbers were insufficient, because the mois¬ 
ture content of the tobacco was too low for any appreciable microbial 
activity, and because the entire chemical composition of the leaves 
was unfavorable for the development of bacteria and fungi. 

The years after 1900 brought the rapid development of enzyme 
chemistry and a number of publications on tobacco fermentation in 
which the significance of the iiative leaf enzymes for the various phases 
of processing was emphasized. 

In two papers (97,98), H. Jensen (1908,1915) reported studies of the 
fermentation of Ne^theiland Indies tobacco types in which he applied, 
just as did Schlosing before hijii, various methods for sterilizing the 
tobacco prior to its former ation. Experiments were carried out 
with leaves which had been pretreated with mercuric chloride, form¬ 
aldehyde, and chloroform, or which had been subjected to a steam 
treatment at 90® lo I00®C. for periods from ten minutes to two hours. 
The fermentative activity of the tobacco, after these sterilizations, 
was measured by Jensen by means of its capacity for oxygen absorp¬ 
tion and carbon dioxide generation. In most cases, the leaves were 
found to be still active after these treatments. Jensen concluded from 
these results that microorganisms are essential for fermentation only 
under exceptional conditions, as in tobacco containing 20% moisture 
or more—for instance, in the sweat of snuff tobacco. As to the leaf 
enzymes, Jensen admitted their importance for “regular” fermen¬ 
tation at lower moisture levels. However, he favored the view that a 
“purely chemical” mechanism of the fermentation could also prevail 
under certain conditions. This last point was further emphasized in 
a paper (21) by Boekhout and deVries (1909), who, again, found an 
undiminished capacity of tobacco leaves for oxygen absorption and 
carbon dioxide generation after exposure of the leaves over a con¬ 
siderable length of time to a temperature of 100®C. Since bacteria 
and fungi are destroyed and since most of the leaf enzymes, too, are 
inactivated by such a treatment, the authors were led to postulate a 
“chemical me(dianism” for fermentation which, in their opinion, is 
controlled by inorganic (catalysts present in the leaves. Similar re¬ 
sults were reported (34) by Cohen (1912), with the modification that 
the coexistence of both an enzymic and a chemical mechanism were 
postulated. 

In 1917, Kolenev (118) reported experiments with fermented cigar 
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and cigarette tobaccos in which the changes of bacterial flora on the 
leaves were observed parallel with the progress of fermentation. 
With all the tobaccos investigated, the initial numbers of micro¬ 
organisms—occasionally as high as 2.5 X 10® per gram of tobacco— 
decreased rapidly during fermentation. Cigar tobaccos proved to be 
sterile after eleven days of fermentation during which a maximum 
temperature of 63 °C. had been reached, and similar results were ob¬ 
tained for cigarette tobaccos. Kolenev sees in these observations a 
strong argument against the bacterial hypothesis and a proof for the 
enzymic mechafftsm of fermentation. Fodor and Reifenberg (57), in 
1927, obtained similar results, as did Jensen with tobacco extracts 
that had been sterilized. In view of their results, Fodor and Reifen¬ 
berg refuted the bacterial hypothesis. Smirnov (201,202) (1927, 
1933), Jouravsky (106) (1929), and Kissling (112) (1925) expressed 
their opinion that bacteria contributed to the fermentation of to¬ 
bacco, if at all, only under very specific conditions (relative humidity 
exceeding 70-75%, tobacco moisture exceeding 20%) and that in all 
other cases the enzymic and chemical mechanism prevailed exclu¬ 
sively. 

More detailed studies of the leaf enzymes, their heat stability, and 
their changes during processing of the leaves were carried out in 1912 
by Vriens and Tijmstra (230), and also by Smirnov and other Russian 
authors. Similar investigations (8,19) were made on Hungarian to¬ 
baccos by Bodndr and Barta (1933). Generally, the enzymes of leaf 
extracts investigated by these authors (peroxidase, catalase, phenol 
oxidase, sucrase) decrease very considerably during the processing of 
tobacco leaves (8). Only for peptidase was an increase found as a 
result of the fermentation process. Bodnar and Barta (8,19) studied 
specifically the decrease of nicotine during the fermentation of Hun¬ 
garian tobaccos and measured simultaneously the enzyme content of 
these samples. A fairly close parallel was found in this work between 
the catalase content of the leaves and the disappearance of nicotine. 

In commenting on the results of all these enzyme studies, it is well 
to remember that the presence of enzymes in extracts made from to¬ 
bacco leaves does not mean that these enzymes are necessarily de- 
riv.ed from the leaf tissues only; there is always the possibility that 
they have been elaborated by microorganisms during the period of 
their active life and of their decay on the plant tissues. 

In 1930, Neuberg and Kobel (149-151) reported studies on the 
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enzymes of the green tobacco leaf, on the influence of these enzymes 
on the metabolic changes in the leaf, and on the enzymic conversions 
that take place during the period of shed curing (see Part I, pages 
366-377). Publications of this type helped to establish, around 
1935, as an almost generally accepted view, the enzymic theory of to¬ 
bacco fermentation. Typical for this acceptance are, e.g.y the dis¬ 
cussions in the book (27) of Bruckner (1936) and in the survey (18) of 
tobacco chemistry presented by Bodndr and Barta (1935). 

However, the microbial hypothesis did not remain completely dor¬ 
mant during this period, in spite of the powerful attacks directed 
against it by Loew and in spite of the accumulating data on enzyme 
activity in tobacco leaves. 

In 1913, Mosca (144) repo ted the isolation of many more bacteria 
types than previously found from tobacco leaves, and Schmidt (190), 
as well as Joergenser (100), both in 1925, described the microflora of 
tobacco and the siv eessive dov^elopment of various types of micro¬ 
organisms as observed in the course of the fermentation process. 

3. Third Period: 1935 up to the Present 

In the last fifteen years, most investigations of the agents that cause 
the fermentation of tobacco have gained in depth, without leading to 
a reconciliation of the various hypotheses. Characteristic for several 
recent papers is a revival of the microbial hypothesis, whereas, on the 
other hand, studies of the aging process of flue-cured tobaccos led 
to results which seem to exclude a bacterial mechanism for this special 
type of tobacco processing, 

A thorough study of the fermentation of cigar tobacco was made 
by Johnson (102) in 1934. The fermentative activities of samples of 
about 150 g. each of cigar leaf tobacco were measured by keeping 
these samples in Dewar flasks (this method had already been used by 
Jensen (98) in 1915) at a constant ambient temperature and register¬ 
ing the temperature increases (thermogenesis) in the samples over a 
period of several days. Parallel semiquantitative observations were 
made on the evolution of ammonia and carbon dioxide from the sam¬ 
ples, on their odor, on the color of their aqueous extracts, and on the 
presence of catalase, peroxidase, bacteria, and fungi in the individual 
samples. Samples sterilized by sufficiently high temperatures (steam¬ 
ing for 45 min. at a temperature of about 80°C.) proved completely 
inactive in regard to thermogenesis or to any other sign of fermen- 



416 


WALTER G. FRANKENBURG 


tation. This result did not permit any decision on whether enzymes 
or bacteria are required for a normal fermentation because both agents 
could be inactivated by the sterilization procedure. The addition of 
porcelain-filtered extracts from unheated tobacco which contained 
peroxidase and other enzymes, but no microorganisms, failed to in¬ 
duce thermogenesis. However, Johnson did not consider this result 
as a convincing proof against the enzymic theory because the amounts 
of enzymes transferred to the sterilized samples may have been insuffi¬ 
cient, or some enzyme or activators, being insoluble, may have been 
lacking in the^g^queous ^^enzyme extracts. Three species of bac¬ 
teria commonly occurring on tobacco failed, too, to induce thermo¬ 
genic activity in preheated samples, but several fungi isolated from 
tobacco were very efficient in this n^spect, yielding results comparable 
to normal fermentation. In experiments with antiseptic pretreat¬ 
ments of the tobacco samples, chloroform, mercuric chloride, acetone, 
toluene, and /^-naphthol checked thermogenesis almost completely; 
since these antiseptics destroy microbial activity, they may also 
cause the inactivation of certain enzymes, and again no definite con¬ 
clusions appear to be warranted from these results. Silver nitrate 
diminished the fermentative activity of the tobacco samples to about 
one-half; since this agemt was believed to prevent microbial activity 
without harming the action of enzymes, Johnson concluded finally 
that microorganisms, specifically fungi, may play a role in addition 
to the leaf enzymes in the fermentation of cigar leaf tobacco, al¬ 
though these organisms do not necessarily appear to be essential to 
the fermentation. 

The results of Johnson are in many respects, particularly regarding 
the heat inactivation, contrary to the findings of Jensen—which illus¬ 
trates the difficulties of obtaining decisive experimental evidence in 
this field. According to Johnson, the methods used by Jensen did 
not exclude erroneous results. 

Another contribution to the question of bacterial activities can be 
seen in a paper (146) by Naghski, Beinhart, and Couch (1944), in 
which the fermentation of fire-cured tobacco types was investigated, 
together with determinations of nicotine and volatile phenols in the 
samples and with counts of the microorganisms contained in the 
various types, before and after their fermentation. Fire-cured types 
were selected for this investigation because this tobacco, having been 
shed-cured over open wood fires, contained considerable amounts of 
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phenols. The latter ought to diminish any bacterial activity on the 
leaves due to their antiseptic properties. There was, in fact, a cor¬ 
relation between the number of bacteria on the fire-cured samples and 
their content of volatile phenols, in the sense that phenol-rich samples 
had the lowest counts of microorganisms. However, the antiseptic 
action of the phenols disappeared gradually during storage of the to¬ 
bacco, and rapidly during its fermentation, probably because of an 
autoxidation of the phenolic compounds. Concurrently, the bac¬ 
terial counts increased during the processing of these samples, and 
micrococci were found as predominating orgimisms during the height 
of fermentation of the fire-(aired types. These findings appear to be 
inconclusive regarding the importance of bactei ia for the fermentation 
process, and no claim cone, ming any ‘‘theory of fermentation’^ was 
made by the authors. However, their results show how easily a bac¬ 
terial flora can reap[)ear on an almost completely sterilized tobacco 
sample, due to the exhaustion of antiseptic action and due to reinfes¬ 
tation. 

Another interesting contribution is presented in a publication by 
Obabko (151) which has already been discussed briefly in Part I on 
pages 374 and 375. In (ainnection with our present topic, Oba bko’s 
observations indicate that the water extractable polyphenol 
of Oriental cigarette tobaccos can be inactivated by hea^^ the 
leaves in air, nitrogen, or a vacuum to temperatures abo/e 
preferably up to 75°, ' ■ • 

Preheating the tobacco to still higher temperatures (up to 130°C.) ^ 
created water-extractable substances that resembled the oxidase- 
containing leaf extracts in their capacity to take up oxygen. How¬ 
ever, the substances extracted after a high temperature treatment 
from the leaves are, according to further observations by Obabko, not 
enzymes, but polyphenols which oxidize easily in an aqueous medium. 

It is interesting to correlate this liberation by high temperatures of 
easily oxidizable water-soluble phenolic compounds with Roberts’ 
report on the appearance of polyphenols in flue-cured tobacco leaves 
during the temperature rise in the curing sheds. Very puzzling is the 
further observation by Obabko that, contrary to the behavior of the 
water-extractable oxidase, which is inactivated by the heating of the 
leaves, the tobacco leaves proper retain their capacity for oxygen up¬ 
take, carbon dioxide generation, methyl alcohol liberation, and nico¬ 
tine decrease, regardless of any preheating prior to the beginning of 
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the fermentation. Possible explanations for this discrepancy between 
the capacity of the leaf extracts and of the leaves proper to absorb 
oxygen after a heat treatment have been discussed in Part I on page 
375. Whether a microbial activity caused by a bacterial infestation 
of the heat-inactivated tobacco leaves has played any role in Obabko’s 
experiments cannot be decided but is a possibility that must not be 
overlooked. No mention is made of this point in Obabko^s paper. 

In other publications by the Russian school (228,229), the view is 
upheld that complete exclusion of bacteria from tobacco does not de¬ 
prive the leaveS^bf their capacity to ferment and to undergo all the 
chemical changes which signify a satisfactory fermentation. 

Three investigations made in different laboratories can be classified 
as a ^‘revival of the bacterial theory.” The contributions of Giovan- 
nozzi (72) as well as of Reid, McKinstry, and Haley (174-176) present 
essentially detailed and methodically improved bacteriological studies 
of the microflora on tobacco leaves. 

Giovannozzi (72) developed special staining and culture methods 
for counting and identifying the microorganisms obtained from to¬ 
bacco leaves. The microfiora of tobacco leaves before, during, and 
after fermentation were studied by this author and the results pub¬ 
lished in several papers. The numbers found per gram of dry tobacco 
weight ai e considerably larger than the numbers determined by earlier 
investigators. As an average, 2 X 10® organisms per gram of to¬ 
bacco were reported by Giovannozzi for unfermented leaves, and 5 X 
10® to 5 X 10^ organisms per gram at the height of the fermentation. 
One reason for these higher counts is Giovannozzi^s recognition of the 
fact that the microorganisms penetrate from the leaf surfaces into 
the interior of the leaves, and that, for quantitative counts, it is neces¬ 
sary to grind the tobacco to a fine powder before water suspensions are 
made from which the microorganisms are plated out. According to 
the same author, blastomycetes types predominate on the leaves, in the 
earlier stage of the fermentation, but decrease to zero parallel with 
the increasing alkalinity of the leaf tissues. In their place, schizo- 
mycetes types develop on and in the leaves. In the majority of the 
fermented samples, more cocci were found than bacilli and a special 
form of a spore-forming yeast of the type Debaryomyces was obtained 
from a fermented Kentucky tobacco. 

Studies of a similar nature were carried out on a large amount of 
material by Reid, McKinstry, and Haley (138,174-176) in the years 
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1937 and 1938 with cigar tobaccos as the main subject, and bulk fer¬ 
mentation as the method of processing. According to these authors, 
the numbers of fungi in cured leaves varies from 2000 to 10,000 per 
gram and those of bacteria from 50,000 to 250,000. These numbers 
showed a large increase after wetting the leaves prior to fermentation. 
At this stage, the total numbers found were 3 X 10® to 5 X 10® per 
gram. A further rapid multiplication occurred in the course of fer¬ 
mentation. The highest numbers observed per gram of tobacco, at 
the height of the bulk sweat, were 1.5 X 10^® microorganisms. In the 
later stages of the sweat, the numbers decreased quite rapidly, but 
every process of ^'rebulking^' resulted in a pronounced but transient 
increase of numbers. As to the types of microorganisms, Reid et al. 
identified, on the cured leaves yeast-like fungi which, however, were 
rapidly destroyed in thc^ course of a satisfactory fermentation. 
Anaerobic, spore-forming bacteria of the Bacillus subtilis-mesentericus 
vulgatus group we- e the microbes that showed a rapid increase in num¬ 
ber during the sweat of the leaves. Members of the Bacillus mega¬ 
therium group failed to show an> significant increase of numbers dur¬ 
ing the process. Cocci, resembling Micrococcus caudicanSy increased 
in numbers with the progress of the fermentation but at a less rapid 
rate than the members of the B. subtilis-mesentericus vulgatus group. 

The extent of multiplication of these organisms depended on the 
quality of the leaves, the amount of moisture, and the temperature— 
in other words, on the same factors that control the efficiency of the 
fermentation process. Reid et al, observed, furthermore, a close par¬ 
allel between the presence of catalase in the tobacco samples and their 
counts of microorganisms. Heat-inactivated leaves contained no 
catalase but showed an increasing amount of this enzyme as soon as 
they were inoculated with cultures of bacteria previously isolated from 
tobacco. 

These results of the Italian and American authors leave no doubt 
about the fact that considerable numbers of bacteria can be found on 
and in tobacco leaves, and that the microorganisms can drastically 
increase during fermentation, at least in its initial phases. These 
large numbers are bound to produce some chemical changes in their 
substrate. Nevertheless, the findings do not decide the question, in 
the author^s opinion, as to whether the presence of bacteria is the 
condition sine qua non for the initiation and upkeep of the fermenta¬ 
tion process, or whether the existence and growth of the bacterial 
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flora must be regarded as a secondary effect. It is conceivable that 
fermentation of tobacco starts by way of enzymic or purely “chemi¬ 
cal” factors, and that the progressing fermentation transforms the 
leaves into an increasingly favorable medium for the nutrition of bac¬ 
teria, with the result that the rapid incrc^ase of microbes follows rather 
than causes the chemical conversions in the leaves. 

An important step toward solving this ambiguity was made by C. 
Jensen and Parmcle (96) in an investigation carried out in 1937. In 
a manner similar to that of Johnson (102), these investigators worked 
with samples of jugwdered cigar leaf of about 100 or 300 g., the tobacco 
being subjected, in glass vessels, to the moisture and temperature 
conditions of fermentation. The start and continuation of “fermen¬ 
tation” of these samples were observed at constant outside tempera¬ 
tures (34°C.) by measuring the evolution of carbon dioxide and am¬ 
monia, and determining the pH increase and the temperature rise. 
In agreement with the results obtained in most of the more recent 
investigations (with the exception of the results reported from Rus¬ 
sian laboratories), Jensen and Parmele found a complete inactivation 
toward fermentation after the tobacco powders had been sterilized 
by a heat treatment (autoclaving at 15 lbs. pressure for 20 min.). In 
further agreement with the results of Johnson, it was found that aque¬ 
ous extracts of equivakmt amounts of tobacco which had been freed 
from bacteria by filtration through Berkefeld or Seitz filters did not 
instigate fermentation if added to heat-sterilized powders. The same 
types of extracts, if added without a previous filtration, initiated fer¬ 
mentation promptly, i.c., they caused ammonia and carbon dioxide 
generation, pH change, and thermogenesis. Hence, certain agents 
which are retained by bacterial filters are required to produce chemical 
activity in samples of heat-sterilized tobacco powders. Sin(;e it was 
possible that these nonfiltrable agents contained, besides bacteria, 
high molecular enzymes as well, Jensen and Parmele ran another series 
of experiments in order to find out whether or not very small amounts 
of the unfiltered tobacco extracts were sufficient to instigate fermen¬ 
tation in large amounts of sterilized tobacco. If enzymes are the 
agents that start the chemical activity of sterilized powders, it was to 
be expected that small amounts of unfiltered extracts would, if added 
to large amounts of tobacco powder, produce a correspondingly weaker 
effect. If bacteria are the agents, no such effect was to be expected 
because of the capacity of the microbes to multiply on a suitable sub- 
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strate. Extracts of only 5 g. tobacco, if added to 300 g. sterilized 
tobacco, after an incubation period of gradually increasing activity, 
produced the same temperature increase in forty-eight hours as that 
obtained with a sample of unsterilized tobacco. This is the result 
to be expected for a bacterial mechanism. Following this principle 
further, Jensen and Parmele made the following test. Sterilized to¬ 
bacco that had been brought into fermentation by inoculation with an 
unsterilized extract yielded an extract that introduced fermentation 
in a second sterilized sample; a small amount of new extract made 
from this second sample instigated full fermentation in a third sam¬ 
ple; and so on. A series of six successive transfers of small inocu¬ 
lates was carried out with positive results. The authors appear fully 
justified in their conclusion that these experiments cannot be ex¬ 
plained by the action of plant (mzymes, but only by a bacterial effect, 
for the fermentation of sm.all vsamples of powdered cigar tobacco which 
they studied. 

Bacterial counts made by Jensen and Parmele with cigar tobacco 
leaves revealed, in accordance with the results of Giovannozzi and of 
Reid et aZ., that the number of microbes on cured leaves is relatively 
low, increases rapidly after the curing operation, and reaches a dis¬ 
tinct maximum (about 1 X 10*^ per gram) around the fifth day of the 
bulk sweat, after which a slow decrease sets in. Fully fermented 
leaves contained only a small fra(5tion (less than 1%) of the number 
of microorganisms present at the peak of fermentation. 

Parallel to the counts, tests were made for the presence of catalase, 
peroxidase, and indophenol oxidase. In the cured leaves, the first of 
these enz;ymes was present only in traces and the second and third 
were completely absent. However, all three enzymes appeared in the 
leaves in easily detectable amounts during bulk sweat and remained 
present throughout the sweat process, even though the bacterial 
counts diminished rapidly toward the end of sweat. In a similar 
way, the temperature rise of the tobacco continued and even increased 
over the entire duration (thirty days) of the bulk sweat, in spite of the 
decrease of microorganisms after the fifth day. These observations 
indicate, according to Jensen and Parmele, that the enzymes appear¬ 
ing in the fermenting leaves are of bacterial, rather than of plant, 
origin and that these enzymes are capable of producing a steady rise in 
bulk temperature, even after the numbers of bacterial cells themselves 
have started to decrease. 
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Three organisms occurred in significant numbers on the leaves stud¬ 
ied by Jensen and Parmele: Micrococcus hicolor (80%), Bacillus 
sphaericus Neide (10%), and Bacillus cereus (8%), with four more 
species being present in relatively small amounts. With the progress 
of the fermentation, no changes were detected in the relative distri¬ 
bution of these species. 

Inoculation of sterilized samples of powdered tobacco with bacteria 
including cocci obtained from pure cultures of the seven single species 
found on tobacco leaves resulted, for four of the seven, in thermo¬ 
genesis, for six jy^carbon dioxide formation, and for a few in a weak 
evolution of ammonia. None of the single species produced effects as 
large as those observed with unsterilized tobacco, but a combination 
of four of the more active bacteria produced a total effect comparable 
in every respect to that of the unsterilized control if added to sterilized 
tobacco. Apparently, cooperation of various bacterial species is 
essential and results in a superadditive effect. 

A recent publication of Deinetcr (44) confirms the results of the American 
authors in several respects. Sterilization of tobacco leaves in these experiments 
(45 min. at 80°C.) led to inactivation under the conditions of fermentation (80% 
relative air humidity, 45 ®C.). On unsterilized, normally fermenting leaves, a 
varied microflora was found (six species with forty-four types on German tobaccos) 
in numbers from 100,000 to 6(X),000 per gram, which increases up to 2 X 10® per 
gram in fermentation. Inoculation of sterilized leaves resulted, with some of the 
bacteria found on the leaves in very good fermentation, whereas others were with¬ 
out any observable influence, and others were even harmful. Of the single groups 
of bacteria found, mixtures of certain flavobacteria proved to act somewhat better 
than mixtures of spore formers, such as Bacillus suhtilis. Tobacco extracts freed 
from microorganisms by filtration induced some fermentation, but this fermenta¬ 
tion remained incomplete, even after twenty-two days. Different mixtures of 
bacteria caused different decreases of nicotine. Most efficient, in this report, 
were the flavobacteria but the enzyme-containing sterile extracts also were at 
least as active in producing a decrease of nicotine. 

Demeter’s final conclusion is that enzymes are not sufficient and bacteria neces¬ 
sary for the fermentation process. 

While the findings of Jensen and Parmele constitute a convincing 
case for the necessity of bacterial activity for the type and specific 
conditions of fermentation they studied, almost equally convincing 
proof has been gathered against an important role of microorganisms 
for the aging of flue-cured cigarette tobaccos. In their study of the 
aging process, Dixon, Darkis, Wolf, Hall, Jones, and Gross (45) made 
successive counts of bacteria and fungi for all the cigarette tobacco 
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samples investigated at successive stages of the aging period. There 
were little differences from sample to sample. The numbers of 
microbes per gram of tobacco—about 80,000 bacteria and 1000 fungi 
at the start of aging—declined gradually, without significant fluctua¬ 
tions, reaching a value as low as 60 fungi and 600 bacteria per gram 
of tobacco after one year of aging. These numbers are negligible 
compared with those reported for cigar tobaccos. The species of 
organisms identified on the flue-cured leaves were those commonly 
found in soil and in air, and their presence on the leaves is readily ex¬ 
plained, considering that the tobacco was packed by hand. Par¬ 
ticularly significant is the rapid decline of these microorganisms dur¬ 
ing the aging period, contrary' to the conspicuous increase observed 
by others on wetted cigar t(^bacco leaves in the initial phases of fer¬ 
mentation. 

In a like manner, Dixon et aL found only weak indications for the 
presence of enzyme, s in their Hue-cured tobacco samples. Diastase, 
catalase, and invertase either were absent or were present in very small 
amounts only, and proteolytic enzymes were completely missing. 
The small quantities of enzymes found in some of the samples ap¬ 
peared to decrease with the progress of aging.* The authors explain 
this lack of enzymes in the flue-cured leaves by the high temperature 
treatment to which the tobacco had been subjected. The general 
conclusion of Dixon and co-workers is that the contribution of both 
microorganisms and enzymes to the aging of flue-cured tobacco ap¬ 
pears to be a minor one, and that aging is ^fln large measure a purely 
chemical process.^' 

Recently another important study of the causative agents of to¬ 
bacco fermentation was published by Grob (75aj, who worked with a 
Swiss-grown cigarette tobacco type (‘‘Mont Calme jaune^^) resembling 
a White Burley variety. As a criterion of fermentative activity, the 
oxygen uptake and carbon dioxide evolution of small leaf samples 
were quantitatively determined by means of a specially improved 
technique. The temperature and moisture of the leaf samples were 
varied over a wide range, and further measurements were made of the 
gas exchange of leaves which had been pretreated with high temper¬ 
atures at various moisture levels. 

* However, significant amounts of diastase, catalase, and inverse were ob¬ 
served in the leaves of air-cured cigarette tobaccos, for instance, sixteen times 
larger amounts of catalase than in the flue-cured leaves (45,203). 
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It may be remarked at this point that the mere uptake of oxygen and evolution 
of carbon dioxide by a tobacco sample does not necessarily indicate that this sam¬ 
ple undergoes that specific type of fennentation which is desired by the trade. For 
instance, too vigorous a gas exchange, as is sometimes encountered with over¬ 
moistened leaves, yields an inferior (overswoated) end product. 

In spite of this limitation regarding the immediate technical sig¬ 
nificance of gas exchange experiments, the results obtained by Grob 
are highly interesting. They are interpreted by this author in the 
sense that fermentative activity can be produced in the leaves in three 
different ways (7) by the leaf enzymes proper, {2) by microorgan¬ 
isms, and {3) by easily autoxidizable substances formed in the leaf 
tissues by means of high temperatures. 

Each of these three mechanisms can be the predominant one, de¬ 
pending on the conditions of the leaves during the activity tests, and 
on their previous treatment. 

Mechanism 1 prevails at moisture contents of the leaves below about 28%. 
The oxygen uptake caused by the leaf enzymes, under th(‘se conditions, gradually 
declines during the test period, and, other conditions being equal, is favored by in¬ 
creasing moisture contents of the leaves. 

The microbial mechanism, is complet(*ly suppressed, witli the specific tobacco 
type studied by Grob, for leaves containing less than 28% water. At higher mois¬ 
ture contents, microbial fermentation suddeidy appears after a certain incubation 
period that is shorter the higher the leaf moisture. Contrary to process /, micro¬ 
bial fermentation increases rapidly once it has set in, and can lead to very high 
rates of gas exchange. It can be suppressed selectively by sterilizing the leaves 
with AgNOa or NaF, which agents do not affect the type 1 fermentation. 

Process 3 comes into action in leaves that have been subjected to temperatures 
ranging from 80°C. up, prior to the activity tests. Depending on the peak tem¬ 
peratures reached and the moisture conditions of the leaves during this pretreat¬ 
ment, mechanisms 1 and 2 can be partly or completely (‘liminated. The remain¬ 
ing capacity of the leaves for gas exchange is obviously due to chemical substances 
formed in the leaf tissues by the high temperatures. This purely chemical proc¬ 
ess, in contrast to enzymic and bacterial fermentation, is not poisoned by the 
addition of cyanides to th(; leaves. Inactivation of the leaf enzymes is just per¬ 
ceptible after a pretreatment (2 hours) of the tobacco at 5fi°C., whereas, after a 
pretreatment (2 hours) at 120°, inaedivation is complete. The partial inactiva¬ 
tion in the lower temperature range is enhanced by considerable moisture con¬ 
tents of the leaves during preheating. 

The purely chemical autoxidations and oxidations, ac(;ording to Grob, are 
caused by thermal decomposition products of leaf constituents which are adsorbed 
on solid leaf components. In model experiments, in which various organic com¬ 
pounds were subjected to heat treatment in the presence of adsorbents (for ex¬ 
ample, active carbon), considerable autoxidation of the adsorbed decomposition 
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products was observed. Grob concludes from these model experiments that the 
transformation of glucose into fructose and the adsorption of the latter on solid 
leaf particles is probably one of the mam causes for the operation of mechanism 3. 

The final conclusion drawn by Grob is that the industrial aging of 
cigarette tobaccos proceeds exclusively by way of the leaf enzyme 
mechanism, 1, and to some extent by means of the ^^chemical” 
mechanism, 5, and that no microbial fermentation is responsible for 
this type of tobacco processing, an opinion which had previously been 
expressed in the Swiss literature by Frey-Wyssling (63a). 

The relationship of these findings of Grob with those of Obabko, 
and of Dixon d al.j who also studied the mechanism of aging of 
cigarette tobacco, is evident. Beyond this relationship, Grob’s 
studies fill the gap between e mild aging of leaves with low moisture 
contents and the typical fermentation of cigar tobaccos for which the 
action of microorganisms appears to be one of the decisive factors. 

C. THE PRESENT PICTURE 

Even a superficial study of the claims and counterclaims of all these 
investigators makes it clear that it is futile to strive for one single 
and general theory of tobacaa) fermentation. As Dixon and co¬ 
workers state: ‘Tt appears unwarranted at present to consider that 
the predominating activity exhibited in any specific type of fermen¬ 
tation should be applicable to fermentation or aging in general.^’ A 
number of authors have emphasized this point, but this has not pre¬ 
vented others from indulging again in generalizations that only dis¬ 
tort the true picture. 

L Relationship between the Various Mechanisms 

Actually, the gaps between the three hypotheses of the “purely 
chemical, enzymic, and microbial agents’^ have shrunk in the course 
of the years. The general denominator ol the three views is the ac¬ 
knowledgment that catalysts, in the broadest sense of this term, are 
indispensable for the initiation and sustention of the manifold conver¬ 
sions that occur in tobacco leaves during their processing. These 
catalysts can be relatively simple and reasonably stable chemical 
substances, e.g.j compounds containing heavy metals. Or they can 
be simple organic substances, like polyphenols, quinones, and com¬ 
plexes formed from these and other compounds. There is the further 
important class, the enzymes—that is, organic, heat-sensitive cata- 
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lysts which contain proteins and characteristic prosthetic groups. 
One potential source of the latter is the tobacco leaf proper, whose 
metabolism during growth and maturity is largely controlled by its 
specific biocatalysts. Another potential source of enzymes is the 
microorganisms which develop, given favorable conditions, on and in 
the leaf tissues, and which are able to transform the organic matter of 
the leaves into other products. These bacterial enzymes may include 
highly specific types that differ widely in structure and specific activ- 
ity from the native enzymes of the leaves. 

All three ty^Wte of catalysts can, in principle, contribute simultane¬ 
ously to the total chemical effects; and it will largely depend on the 
type of tobacco, on its previous treatment, and on the conditions used 
for the fermentation or aging, which kind or kinds of catalysts will pre¬ 
vail and will predominantly control chemical conversions in the leaves. 

From a practical point of view, the nature of the catalytic agents, 
for any given type of fermentation, appears to be of less importance 
than the physical structure and chemical composition of the tobacco 
itself. As a rule, leaves of the proper composition seem to contain 
a priori the catalysts that will initiate and support their fermentation, 
and they also seem to develop, spontaneously, a desirable microflora 
without any need of inoculations with special cultures. On the other 
hand ^Sweat-resistant'^ types or crops will generally retain this 
property, even if treated with various chemical compounds or en¬ 
zymes, or bacterial cultures. 

Addition of yeast, as a source of enzymes, to fermenting tobacco leaves pro¬ 
duces a faster and larger temperature increase (74,207), but otherwise shows no 
improvement or acceleration of fermentation (58). 

Nevertheless, it seems possible that leaves of a *‘sweat-resistant" 
type may be induced to a faster and more satisfactory fermentation 
by the addition of the “right type" of catalysts. In principle, such 
catalysts could be purely chemical, or enzymic, or bacterial in nature. 
So far, no conspicuous results along this line have been published; 
but in view of our lack of knowledge regarding the specific nature of 
the proper catalysts this does not necessarily imply that active sweat 
promoters cannot be found and used. 

As to the role of the various agents in the specific stages of the to¬ 
bacco processing, the native enzymes of the leaves obviously play the 
predominant role in the shed-curing phase (see Part I). 
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This appears to be a natural consequence of the short time interval 
between harvest and curing. Already at this point the flue-cured 
tobaccos deviate from all other types by receiving a singular treat¬ 
ment in the form of an exposure to high temperatures, which destroy 
the residual leaf enzymes and dry the tobacco to such an extent that 
the flue-cured leaves represent a poor substrate for any microorganism. 
On the other hand, the high temperatures of flue-curing favor the 
diffusion of intracellular leaf components such as phenolic compounds 
into the cytoplasm (see page 34G), unlocking the latent possibilities 
in the tissues for chemical conversions that take their course in the 
subsequent stage of aging. 

In the air curing of cigar and cigarette tobaccos, many of the plant 
enzymes remain in an acti'O state and can unfold their activities 
when favored by the moisture content of the leaf tissues. Depend¬ 
ing on the specific t.’' pe and crop of tobacco, and on the moisture con¬ 
ditions of the tobacco ‘n the curing sheds, development of micro¬ 
organisms on the leaves will always be a possibility. It is known that, 
in the curing sheds, overmoistened leaves are often infested by un¬ 
desirable molds and bacteria, and there are no reasons to exclude the 
possibility of a development also of ^^desirable^^ microorganisms, par¬ 
ticularly in the later stages of curing. 

Addition of water to the leaves, which usually precedes fermenta¬ 
tion proper, will favor still further the growth of microbes on the 
leaves. However, the swelling of the wetted leaves will also enhance 
the possibilities for a mixture, by diffusion, of their chemical constitu¬ 
ents and catalysts and, hence, for reactions between these constitu¬ 
ents. Which of these factors will be the more important will depend 
primarily on the specific composition and on the water content of the 
leaves, and on the temperature, the supply of oxygen, the contact be¬ 
tween the leaves, and a number of additional factors. 

According to various authors, it appears that low moisture and high 
temperatures (above 40® to 45 ®C.) are inductive to “purely chemical 
reactions,whereas the opposite conditions are favorable for a rich 
development of microorganisms. In the experiments of Johnson and 
of Jensen and Parmele, the small tobacco samples used were kept at 
relatively low temperatures, and it seems understandable that the 
fermentation, or at least the start of the fermentation of these small 
samples, can, under these conditions, only be achieved by the induc¬ 
tion of bacterial activity. 
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2. Presumable Mechanisms of Some Individual Conversions 
Occurring in Fermentation and Aging 

(a) General Considerations. One point that appears worth while 
to test experimentally in fuller detail is the question of whether, 
among the manifold conversions in the tobacco leaves, some reac¬ 
tions are singular insofar as they require specific bacterial enzymes 
as indispensable catalysts, while other reactions in the leaf tissues 
can be enacted in various different ways. If it is permissible to specu¬ 
late along this line, it appears likely that the combustion of carbo¬ 
hydrates and organic acids, as well as the oxidative deamination of 
amino acids, belongs to the conversions that can be set in motion by a 
number of diverse agents. The fact that a number of enzyme sys¬ 
tems control these types of reactions in the living plant, the early 
start and uninterrupted continuation of these conversions through all 
the stages of the tobacco processing, and their occurrence in the aging 
of hue-cured leaves seems to indicate that different agents can initiate 
and control these processes. Depending on the special conditions, 
the agents may consist of enzymic systems or of catalysts of the phe¬ 
nolic or related types, or, finally, of microorganisms. 

A purely chemical mechanism appears quite likely for the conver¬ 
sions within the sector of the resinous components, since these conver¬ 
sions can persist under rather dry conditions and at stages at which 
enzymes and microorganisms are practically absent from the leaves, 
as in the finishing phase of fermentation and during the aging process. 

The breakdown of the cell walls, which involves, among other con¬ 
versions, the split and oxidation of pectins and pentosans, seems to 
be typical for processes that may occur to a limited extent under the 
influence of the leaf enzymes, but that will be considerably furthered 
by a participation of the proper types of microorganisms. 

The transformation of alkaloids is, compared with most of the other 
reactions, a ‘fforeign^^ process insofar as there is no convincing proof 
for the existence and activity of a nicotine-transforming enzyme in the 
living tobacco leaf. This fact, the late emergence of the alkaloid 
transformation in the course of fermentation, and the relatively high 
stability of the nicotine molecule—all may point to the necessity of 
bacterial enzymes, at least for the initial step of the nicotine trans¬ 
formation (which probably consists in a dehydrogenation of the alka¬ 
loid). 

(b) Separate Studies of the Mechanism of Single Components of 
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Fermentation. (1) Purpose. One way to recognize the working 
mechanism of tobacco fermentation more clearly is to study as sepa¬ 
rate units some of the typical conversions that occur in the leaves and 
to discover the conditions under which these reactions can be initiated. 
This method offers to the investigator a clearer and simpler way of 
eliminating the complications that arise from the simultaneous occur¬ 
rence of a number of diverse reactions as they take place in the fer¬ 
mentation process. On the other hand, any results obtained from 
investigations of a single reaction ought to be considered as hints, 
rather than as evidence, in regard to the mechanism by which the 
same reaction types are actually performed in the fermenting tobacco 
leaves. Nevertheless, this kiiid of systematic and stepwise approach 
will certainly enrich our kn .wledge of the various possibilities that 
exist for the instigation and performance of the individual chemical 
acts of the fermentadon process. 

To a certain exte/it, such studies have already been made. We may 
mention here the studies of British authors on the oxidative deamina¬ 
tion of amino acids (90,92) by means of complexes formed from poly¬ 
phenols and amino compounds. 

{2) Application to Study of Nicotine Degradation. As to the impor¬ 
tant special field of alkaloid transformation, various studies have been 
carried out of this type of reaction as it occurs in systems other than 
the tobacco leaf. Both the enzymic and bacterial decomposition of 
nicotine have been investigated, and it can be expe(;ted that other 
and more detailed investigations along these lines will help to give a 
clearer insight into the chemistry and catalytic background of the re¬ 
action as it occurs in the fermenting tobacco leaf. 

Enzymic decomposition of nicotine: Of particular importance is 
the work of Larson, Haag and Finnegan (55,77,79,127,128,129,130, 
131), whose objective was to learn more about the chemical trans¬ 
formations correlated to the detoxication of nicotine in the animal 
body. Only a small fraction of nicotine administered to the dog is ex¬ 
creted as such in the urine; the remainder is transformed into un¬ 
known products by the action of an enzyme system located in the 
liver. Tests for the presence of nicotinic acid, nicotinuric acid, N- 
methyl pyridinium hydroxide, and trigonelline in the urine of dogs 
that had received considerable doses of nicotine showed that none of 
these compounds are present among the unknown excretion products 
(127). According to Larson and Haag and co-workers (130,131), cer- 
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tain analytical observations and measurements of the specific toxici- 
ties of various nicotine degradation products make likely that there 
are, among the nicotine metabolites formed in the animal body, com¬ 
pounds derived from nicotine by a cleavage of the pyrrolidine ring 
between the nitrogen and the 5 position—e.gf., 3-(l-methylamino- 
butyl)-pyridine. 

Related to the work of Larson, Haag, and Finnegan are investi¬ 
gations of Werle and co-workers (238-242), who succeeded in demon¬ 
strating the enzymic oxidation of nicotine outside the animal body, in 
the presence of^iesh liver tissue of rabbits and guinea pigs. This re¬ 
action requires the presence of oxygen. Carbon monoxide, hydrogen 
cyanide, and hydrogen sulfide retarded the oxidation of the alkaloid, 
which indicates that the nicotine-decomposing enzyme of the liver 
tissues contains iron or copper. A direct activation of oxygen seems 
to be involved, because replacement of oxygen by methylene blue 
stops the oxidation of the alkaloids. 

Efforts by Werle to extract the nicotine-decomposing enzyme from 
the liver tissues met with no success; the enzyme appears to be cell- 
bound. In a more recent investigation, Werle (240) showed that nico- 
tyrine is oxidized much faster in the presence of liver tissue than is 
nicotine. Possibly nicotyrine, which is a dehydrogenation product 
of nicotine (see Part I, page 344) is an intermediate formed during the 
oxidation of nicotine. As in the case of nicotine, the enzymic oxi¬ 
dation of nicotyrine is retarded by hydrocyanic acid, carbon mon¬ 
oxide, hydroxyquinoline, and pyrophosphate. In the presence of 
nicotyrine, the degradation of nicotine is completely suspended. 

It may be of interest to point out here also an investigation (115) by Knox 
(1946) on the ‘^quinine-oxidizing” enzyme of the animal liver. This enzyme brings 
about the oxidation of a number of heterocyclic nitrogen compounds to products 
in which the hydrogen in the a-position to the nitrogen atom is replaced by a 
hydroxy group. Among the compounds which are slowly oxidized by this enzyme 
are nicotinic acid and nicotine amide. Even if this enzyme, which is water-soluble, 
contrary to the liver enzyme studied by Werle, is not identical with Werle’s 
nicotine-decomposing enzyme, it may be closely related to it. 

These investigations prove the presence in the animal body, par¬ 
ticularly in the liver, of enzymes that can bring about the oxidation 
of nicotine, and possibly of related tobacco alkaloids, to still unknown 
products. There is no convincing proof that enz3anes of this or a 
similar active type are present as such in the tobacco leaf, and it ap- 
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pears possible as pointed out on page 428, that, for a fast performance 
of this specific transformation, an infestation is required of the fer¬ 
menting leaves with certain types of microorganisms that possess in 
their own cells enzymes of the same or of a similarly effective type as 
are present in the animal liver. 

Decomposition of nicotine by microorganisms: Some data have been 
gathered concerning the destruction of nicotine by microorganisms. 
Batham (10), in 1926, studied the nitrification in soils of various or¬ 
ganic nitrogenous compounds, including nicotine. He found that the 
alkaloid is quite easily transformed to nitrate as the final product 
under the influence of certain soil bacteria which were not isolated. 

In 1930, Faitelowitz (50) observed a considerable decrease of nico¬ 
tine in tobacco extracts under conditions that made him conclude that 
this change was due i o an infestation of the extract by microorganisms. 

In 1935, Weber (283) described similar results obtained both with 
aqueous tobacco exl racts and with thoroughly wetted leaves. Anti¬ 
septics stopped the disappearance of nicotine. This author was the 
first to achieve the same effect with pure nicotine in a synthetic nu¬ 
trient medium for microorganisms and in the absence of tobacco or 
tobacco extracts. After inoculation of this medium with a mixture of 
bacteria obtained from tobacco extracts and which showed positive 
tests for oxidase, peroxidase, and catalase, the nicotine was trans¬ 
formed into unknown products. No pyridine was found as a de¬ 
composition product and the simultaneously appearing ammonia did 
not, according to Weber, originate from nicotine. Methylamine was 
formed and was believed to be a degradation product of the alkaloids. 

In 1942, Bucherer and Enders (29) succeeded in measuring quanti¬ 
tatively the decomposition of nicotine in a synthetic nutrient medium 
by the action of single types of specific bacteria. Three different spe¬ 
cies of bacteria capable of using nicotine as a nutrient were obtained 
from different soils, dung, and manure by a “selective” method (28). 

Essentially this method consists in starting with a haphazard mixture of micro¬ 
organisms obtained from soils and related materials and in inoculating this mix¬ 
ture into a special nutrient medium which, besides the required mineral salts, 
contains as its only source of carbon and nitrogen the substance the microbial 
decomposition of which is being attempted. Of the microorganisms present, only 
those will survive and multiply that can use this substance as their nutrient. The 
process is repeated several times by means of transfers of the microbes to new 
media of the same composition under microscopic and chemical control. Finally, 
the d<-‘sir^‘fl type of bacteria is obtained in the form of a pure culture. 
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This method was used for breeding and isolating nicotine-decom¬ 
posing bacteria from the soil samples.* Four different strains were 
obtained which destroyed this alkaloid at a considerable rate. The 
authors did not succeed in obtaining cell-free enzyme solutions from 
the nicotine-decomposing organisms, nor did they investigate, in de¬ 
tail, the nature of the transformation products. 

In a qualitative way the formation of ammonia was observed. Some of the 
metabolites of nicotine did react with picric acid but differed from the alkaloid by 
not being distillable. 

In a later pufflfeation, Enders and Glawe (47) studied the decompo¬ 
sition of nicotine in the tobacco leaf. They concluded from their re¬ 
sults that bacteria cause the disappearance of the alkaloids to the 
largest extent (90%), ev^ on the leaves, whereas the residual effect 
(10%), in their opinion, must be attributed to a native enzyme of the 
tobacco plant. These relative figures may not be completely correct 
and may also change from one leaf sample to the next. More de¬ 
tailed work would be required to clarify the point. 

Recently, Enders and Windisch (48) studied yeasts in regard to 
their capacity to decompose nicotine. However, none of the various 
types of yeasts tested by these authors proved to be able to destroy 
the alkaloid, in contrast to the activity possessed by the soil bacteria 
studied by Enders and Bucherer. 

The inefficiency of certain yeasts for nicotine decomposition may 
not exclude the possibility that certain multicellular fungi possess this 
capacity. Ivanov, Ivanova, and Larianova (89) reported that, under 
conditions of nitrogen starvation, Aspergillus niger can use nicotine 
as its nutrient; and Plotho (164) reports that Proactinomyceles^ a 
fungus found in soils, is capable of decomposing cyclic organic com¬ 
pounds, including pyridine, piperidine, and nicotine. 

It appears possible that further studies along this line may bring 
additional progress particularly if, at the same time, the chemistry of 
the alkaloid degradation were to be studied more closely than hereto¬ 
fore. 

The methods developed for the investigation of nicotine trans¬ 
formation in the fermenting tobacco leaf may eventually prove to be 
useful for these purposes, especially if applied in combination with 

* The high activity of certain soil bacteria toward pyridine derivatives is also 
demonstrated by the fact that nicotinic acid is oxidized by the organism Pseudo- 
monas fluorescens (121,154). 
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chromatographic methods, which promise to become a highly efficient 
tool in the field of tobacco alkaloids (166a). 

V. Effect of Fermentation on Smoking Properties 

While our present knowledge of the chemistry of tobacco fermenta¬ 
tion is still far from complete, it nevertheless permits us to reach a few 
conclusions in regard to the improvement of the smoking qualities 
achieved by this process. 

A successful fermentation seems to serve, primarily, the purpose of 
removing the substances whieii, in smoking, yield irritating and un¬ 
desirable products either by decomposition or by dry distillation. 
Among others, the most irritating smoke components appear to be the 
alkaloids, and, to a lesser ext# iP, the low molecular acids and products 
of an unknown composition ihat originate from the high temperature 
decomposition of proteins and amino acids, as well as from the pyro¬ 
genic breakdown o{ cellulost* (52-54,76,78,81,95,126,170). Hydro¬ 
carbons, aldehydes, and volatile acids can be expected to arise from the 
carbohydrates of the leaves under- the conditions of smoking. Acety¬ 
lene (56) has been reported I'ecamtly as a (component of cigarette 
smoke; and aldehydes, including fui-furaldehyde, have been observed 
by various authors. The amounts of these undesirable components 
in the smoke will depend on the extent to which they are further oxi¬ 
dized to carbon dioxide, in the high temperatur-e zone of combustion. 
Such further high temperature oxidation will pr-esirmably again de¬ 
pend on the presence or absence of combustion catalysts. In this re¬ 
spect, the composition of the ash, particularly the presence of potas¬ 
sium and of oxides of heavy metals such as iron or manganese, may 
be of considerable importance for the composition of the smoke. 

Thorough processing of toba(;co, including its fermentation, will re¬ 
sult in the disappearance of vei-y consider-able amounts of proteins, 
amino acids, and alkaloids, z.c., of substances which create, by distilla¬ 
tion or by pyrogenesis, undesirable smoke components (25,26). 
Partly, the fermentation products of these substances are volatile (as 
ammonia and possibly amines) and therefore have been removed from 
the finished tobacco. Partly, the amino acids and alkaloids have been 
transformed during fermentation into oxygenated derivatives which, 
in the smoking zone, will be more easily oxidized than their mother 
substances. An appreciable fraction of these “semioxidized'' fermen¬ 
tation products may form oxygen-containing split-products such as 
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ketones (133,142,143,148,149,235-237) which, as a rule, possess aro¬ 
matic rather than irritating properties. Of the oxidation products of 
nicotine, nicotinic acid will most likely sublimate without consider¬ 
able losses and exert no disagreeable effect on the smoke. 

Aroma substances will be delivered into the smoke in the form of 
volatile oils and of cracking products that originate from the resinous 
components of the leaves. Another source of the aroma substances 
seems to consist of polyphenolic compounds, many of which will be de¬ 
composed in the high temperature zone to aromatic split-products. 
Konig and Dojj^ (117) have drawn attention to the agreeable and 
aromatic odors that appear when chlorogenic acid is subjected to high 
temperatures. 

Very much more detailed work is required until the fermentation, 
even of one given type of tobacco, can be described satisfactorily in 
terms of its main chemical processes. The same holds for the cata¬ 
lytic mechanisms which are the driving and directing factors of the 
fermentation and of the aging process. Although it embraces a 
specialized field, future progress in the study of the harvested tobacco 
leaf may throw some light on other problems of plant chemistry. 
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I. Introduction 

A good many organisms, ranging in complexity from bacteria to 
man, absorb and assimilate certain hydrocarbons. Virtually all 
kinds and classes of hydrocarbons appear to be susceptible to attack 
by bacteria, yeasts, molds, or other allied microorganisms. The abil¬ 
ity of microorganisms to attack hydrocarbons seems to be quite gen¬ 
eral rather than unique. This may prove to be true of higher animals 
also, but very little experimental evidence is available in face of the 
fact that hydrocarbons have been thought of as being biologically 
inert. 

Besides being of importance in the metabolism of organisms, the 
assimilation of hydrocarbons is of considerable significance in nature 
and industry. The fact that hydrocarbons generally do not occur in 
deposits of decomposing plant and animal debris to the extent that 
they occur in living organisms (25,26,142) is a 'priori evidence that 
hydrocarbons are decomposed in all except peculiar environments, 
e.g., source bed of petroleum, where conditions favor their preserva¬ 
tion. Otherwise, the tendency would be for the earth’s carbon to ac¬ 
cumulate in hydrocarbons. 

Petroleum or its products, in contact with water, may be modified 
by the action of hydrocarbon-oxidizing microorganisms (20,76,110, 
158,186,195,197,215,226,227). Such organisms are believed to be re¬ 
sponsible for the rapid disappearance of petroleum pollution in water¬ 
ways (10,74), or wherever oil is spilled on water or soil (148,226). 
Hydrocarbon-oxidizing bacteria have been incriminated in the de¬ 
terioration of both natural and synthetic rubber (127,160,163,232) 
and in the corrosion of underground pipelines and electrical conduits 
coated with paraffin-impregnated materials, elastomers, or other hy¬ 
drocarbon products. The growth of hydrocarbon-oxidizing bacteria 
in aqueous medicinal or pharmaceutical preparations having hydro¬ 
carbon bases has resulted in discolored or otherwise altered products. 
Afflictions in human patients as well as other undesirable effects in 
cooling or cutting oils have been traced to the profuse growth of 
hydrocarbon-oxidizing bacteria (36,37,45,107,108). 

On the positive side of the ledger are numerous proved or promising 
beneficial effects from hydrocarbon-oxidizing microorganisms such 
as, for example, the conversion of methane or higher hydrocarbons 
into useful organic acids or other products (174,179). Observations 
on hydrocarbon-oxidizing microorganisms suggest many applications 
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in the discovery, recovery, and refining of petroleum (143,177,178, 
180,196,228). 

Dating from 1895 when Miyoshi (114) reported the attack of 
paraffin by Botrytis cinerea^ more than one hundred species repre¬ 
senting about forty genera of bacteria, yeasts, and molds have been 
shown by various workers to be able to utilize one or more kinds of 
hydrocarbons (76,128,148,189,226). Such microbes, which attack 
gaseous, liquid, and solid hydrocarbons of the aliphatic, olefinic, aro¬ 
matic, and naphthenic series, have been shown to be quite widely dis¬ 
tributed in nature. Besides a large number of pure hydrocarbons 
which have been investigated, various workers have demonstrated 
the microbial assimilation of crude oils, gasolines, lubricating oils, 
tars, asphalts, illuminating gases, natural and synthetic rubbers, 
paraffin waxes, petrolatums, mineral oils, petroleum ethers, and other 
mixtures of hydrocarbons. 

Reviews of the scattered literature on the microbial assimilation of 
petroleum and its products have been prepared by Haas (66), Hessel 
(76), Osnitskaya (128), Tausson (189), and ZoBell (226). 

IL Experimental Methods 

A. MODIFICATION OF HYDROCARBONS 

Commonest of the criteria for detecting the microbial utilization of 
liquid or solid hydrocarbons is their modification in media inoculated 
with the microorganisms in question. The pitting of paraffin wax, for 
example, or a decrease in the quantity of oil is indicative of utilization. 
The emulsification of various kinds of oil by microorganisms has been 
observed by numerous investigators (19,20,123,197,227). Likewise 
microorganisms may bring about color changes in oils or cause their 
complete disappearance (186). Tausson (188) followed the microbial 
decomposition of phenanthrene by noting the dissolution of crystals. 
Bacterial erosion of naphthalene crystals has also been observed (185). 

Sohngen (158) observed the disappearance of as much as 7.5 mg. of 
crude oil per day per square decimeter of oil exposed to the culture. 
Tausz and Peter (197) noted changes in layers of crude oil 1 to 2 mm. 
thick after three days' incubation at 25*^0., and within two weeks the 
oil had disappeared from the surface of the medium in which bacteria 
were growing. Wagner (215) reported the destruction of 1 g. of 
crude oil in eight days by Bacterium benzoli growing in 100 cc. of 
mineral solution enriched with oil. 
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B. MICROBIAL MULTIPLICATION 

When microorganisms multiply in mineral salt solutions enriched 
with gaseous, liquid, or solid hydrocarbons as the sole source of energy 
and carbon, it is safe to assume that the hydrocarbon is utilized. 
Bacteria and yeasts may multiply in sufficient numbers to render 
hydrocarbon media turbid or they may form pellicles. Mold mycelia 
may appear throughout the medium or float in mats on the surface. 
Bacterial populations exceeding one billion per cubic centimeter have 
been detected in myjjpral media inoculated with soil and enriched with 
biphenyl, cetane, naphthalene, or other hydrocarbons (169,173). 

Imelik (84) noted the multiplication of Pseudomonas aeruginosa in 
mineral medium enriched with heptane until at the end of 4 days^ in¬ 
cubation there were 10’ cells/cc., as compared with 10® cells/cc. of 
medium enriched with petroleum, 10^^ cells/cc. in medium enriched 
with gasoline or glucose, and 10^® cells/cc. of medium enriched with 
petroleum jelly. Species of Actinomyces^ SarcinUy and Monilia also 
multiplied in mineral medium enriched with petroleum or its products. 

C. OXYGEN UPTAKE 

Oxygen consumption by aerobes in mineral salt solutions containing 
hydrocarbons as the only oxidizable matter has been quite extensively 
employed as a criterion of hydrocarbon oxidation (60,78,234). The 
microbial oxidation of methane has been studied (72,82,101,118,180) 
by following changes in the volume and composition of the gas phase: 

CH4 + 2 O2-► CO. -f 2 H2O 

By means of a siphon going to the bottom of a one-hole stoppered bottle con* 
taining inoculated mineral salt solution in an atmosphere of methane and oxygen, 
Sohngen (158) connected a cotton-plugged bottle containing sterile medium in 
such a way that any decrease in gas volume in the culture bottle resulted in the 
aspiration of sterile medium into the culture bottle. In this way gas consumption 
could be observed from day to day without interrupting the experiment. The 
technique has been adapted by other workers to the study of the microbial oxi¬ 
dation of various gaseous, liquid, and solid hydrocarbons. The volume of oxygen 
consumed always exceeds the volume of carbon dioxide produced. 

Decreases in gas volume attributable to oxygen consumption resulting from the 
microbial oxidation 01 hydrocarbons have also been followed by manometric 
methods. Employing Warburg manometers, Stone et al. (169,170) found that 
light oils undergoing oxidation by mixed cultures gave respiratory quotients of 
around 0.63, as compared with a theoretical value of 0.67 for paraffin hydro¬ 
carbons, CnH 2 w+ 2 , oxidized completely to carbon dioxide and water. The fer¬ 
mentation of heavy oils gave lower values, thereby indicating that there was less 
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tendency for longer molecules of hydrocarbons to be oxidized completely to carbon 
dioxide and water than for shorter molecules. 

Bacterial cultures investigated by Bushnell and Haas (19) gave R.Q. (respira¬ 
tory quotient) values ranging from 0.30 to 0.70, with no apparent correlation 
between R.Q. and the nature of the hydrocarbon undergoing oxidation. The 
R.Q. of washed cells of Bacterium aliphatidum, as observed by Johnson et al. (97), 
averaged 0.47 for heptane, 0.48 for octane, 0.63 for nonane, and 0.63 for dodecane, 
as compared with 0.88 for glucose. The R.Q. for the bacterial oxidation of bi¬ 
phenyl (96) was 0.73, or 89% of the theoretical value for complete oxidation to 
carbon dioxide and water. 

Oxygen consumption, in a glass-stoppered bottle filled to capacity with mineral 
solution enriched with hydrocarbon as the sole source of energy, has been used 
for studying the microbial oxidation of petroleum (77,234) and rubber (232) 
hydrocarbons. This B.O.D. technique, in which dissolved oxygen is determined 
by the Winkler method, has also been applied to estimating the abundance of 
hydrocarbon-oxidizing bacteria in sea water, sediment, and soil samples by the 
minimum dilution method. 

D. METHYLENE BLUE REDUCTION 

Tausz and Donath (196) reported the decoloration of methylene 
blue resulting from the action of Bacterium aliphaticum liquefaciens 
upon hexane. The reduction of methylene blue or similar redox indi¬ 
cators in mineral solutions enriched with hydrocarbons constitutes 
proof for the oxidation of the hydrocarbons, but there are a good 
many microorganisms which oxidize hydrocarbons without affecting 
the color of such indicators (226). 

E. CARBON DIOXIDE PRODUCTION 

Carbon dioxide seems to be the principal product resulting from the 
microbial oxidation of hydrocarbons (20,64,182,183,191,215). From 
80 to 90% of the carbon in the hydrocarbons decomposed by the soil 
bacteria studied by Blittner (20) could be accounted for as carbon di¬ 
oxide. According to data given by Sohngen (157), it is estimated that 
about half of the methane assimilated by Methanomonas methanica 
was oxidized to carbon dioxide and the other half was converted into 
bacterial cell substance and intermediate products. Sohngen (158) 
measured carbon dioxide production to indicate the relative rates of 
oxidation of paraffin oil and paraffin wax by various organisms. 

The amount of carbon dioxide produced may be measured as such 
or its formation may be indicated by a decrease in the pH of the 
medium. Carbon dioxide plus organic acids formed by the microbial 
oxidation of hydrocarbons may decrease the pH of the medium from 
0.2 to 2 units. 
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Sisler and ZoBell (154) measured carbon dioxide formation for 
following the microbial oxidation of naphthalene, anthracene, phe- 
nanthrene, 1,2-benzanthracene, 1,2,5,6-dibenzanthracene, and other 
carcinogenic hydrocarbons. 

F. NITRATE AND SULFATE REDUCTION 

A good many microorganisms reduce nitrate to nitrite in hydrocar¬ 
bon media. Since it is easy to test for nitrate or nitrite, this is another 
useful criterion for the microbial utilization of hydrocarbons, although 
negative results are««ot infallible. 

The same may be said regarding anaerobic sulfate-reducing bac¬ 
teria, some strains of which assimilate certain hydrocarbons (125,139, 
230,235), as indicated by hydrogen sulfide formation. The utilization 
of paraffin hydrocarbons higher than Cio by sulfate reducers was re¬ 
ported by Tausson and Aleshina (191), who postulated that heavy 
paraffins are thus converted into naphthenic or polymethylene hydro¬ 
carbons. Naphthalene, phenanthrene, and retene are attacked by 
sulfate reducers, according to Tausson and Vesselov (194). 

The reduction of sulfates at the expense of hydrocarbons has also 
been reported by Schneegans (144). The rapid destruction of long- 
chain aliphatic hydrocarbons, various crude oils, kerosene, lubricat¬ 
ing oil, and mineral oil by 27 different cultures of sulfate reducers was 
reported by Rosenfeld (139), who averred that hydrocarbon utiliza¬ 
tion by Desuljd)vibrio species is associated with the presence of a de¬ 
hydrogenase system. 

G. METHODS OF DISPERSING HYDROCARBONS IN MEDIUM 

Since most hydrocarbons are only very slightly soluble in water, the rate at 
which they are attacked by microorganisms depends primarily upon the surface 
area exposed to enzymic action or the extent to which the hydrocarbons are dis¬ 
persed in the medium. In general, liquid and solid hydrocarbons have been dis¬ 
persed either by emulsification or absorption on the surface of sand, asbestos fibers, 
diatomaceous earth, glass wool, or other particulate material. 

The growth of Mycobacterium album, M. rubrum, Micrococcus paraffinae, and 
other hydrocarbon-oxidizing bacteria was found by Sohngen (159) to be a function 
of soil surface. The addition of silicon dioxide or iron oxide stimulated petroleum 
oxidation. Kieselguhr or other particulate substances coated with paraffin wax 
provided for the activity of Serratia marcescens and other hydrocarbon-oxidizing 
bacteria observed by Greig-Smith (62). Tausson and Aleshina (191) mixed 
melted paraffin with powdered glass or kaolin to increase the free surface of 
paraffin. ZoBell (230) grew sulfate-reducing bacteria in plaster of paris prepared 
with mineral solution and paraffin oil or wax. 
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Heavy hydrocarbons may be Kquefied by heating or dissolved in volatile sol¬ 
vents preparatory to dispersing them on the surfaces of solid particles. Emulsify¬ 
ing the hydrocarbons in aqueous media with a Waring Blendor and passing the 
mixture several times through a homogeni25er has also yielded gratifying results. 
Stable emulsions of hydrocarbons, which are attacked by bacteria almost as fast as 
simple carbohydrates, have been prepared in this way by the author. When ad¬ 
missible, the use of a little gum acacia, gum arabic, or other stabilizing agent is 
recommended. 

IIL Occurrence of Hydrocarbon-Oxidizing Organisms 

Microorganisms which attack methane, paraffin, or other hydro¬ 
carbons appear to be quite commonly present in soil. They are par¬ 
ticularly abundant in oil-soaked soil around oil wells, refineries, leaky 
pipelines, gasoline pumps, etc. They also occur in swamps, lakes, 
river water, marine bottom deposits, petroleum separation tanks, 
sedimentation ponds in oil fields, and water bottoms of tanks in which 
petroleum or its products are stored. 

The abundance of hydrocarbon-oxidizing bacteria in oil-soaked soil, 
petroleum sedimentation ponds, etc., is attributable partly to the 
development of adaptive enzymes which attack hydrocarbons. It 
has been observed by the author that many bacteria, yeasts, and 
molds which normally lack the ability to attack hydrocarbons de¬ 
velop this ability after prolonged cultivation on nutrient media in the 
presence of mineral oil. 

The abundance or activity of methane-oxidizing bacteria in the 
surface soU overlayering subterranean deposits of petroleum is the 
basis of various geomicrobiological prospecting methods which have 
been proposed (15,115,143,177,178,180) but are still in the experi¬ 
mental stage. Methane oxidizers occur less abundantly in garden 
soil (1,55,72,73,101,119,158), sewage (54), and recent marine sedi¬ 
ments (82). In this connection it is pointed out that only a few spe¬ 
cialized species of bacteria attack methane and only with difficulty. 
The number of microbial species and the ease of utilization seem to 
increase with the chain length of paraffinic hydrocarbons, at least up 
to those in the range of C20 to C30. 

Paraffin-oxidizing microorganisms in soil have been described by Bushnell and 
Haas (19), Fleming (49), Gainey (53), Greig-Smith (62), Haag (64,65), Hopkins 
and Chibnall (79), Jensen (92-94), Rahn (133), Tausson and Aleshina (191), and 
Umbreit (205). Species of Actinomyces^ Aspergillus^ Bacillus^ Bacterium, Myco¬ 
bacterium, and Penicillium which attack paraffin were found in nearly all samples 
of soil, hay, leaves, manure, and peat examined by Btittner (20). 
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From 50,000 to 200,000 bacteria which utilized paraffin as a carbon 
and energy source were found per gram of garden soil by Sohngen 
(158). Up to 3000 paraffin-decomposing bacteria were detected per 
cubic centimeter of ditch water. Large numbers were also found in 
manure. Sohngen divided the paraffin oxidizers into two groups. 
The first group, which contained lipases, included Bacterium fluores- 
cens liquefaciens, B. pyocyaneum, B. lipolyticum alpha, beta, gamma, 
and delta, B. stutzeriy and Micrococcus paraffinae. The second group, 
which attacked fatty acids but contained no lipase, included Myco¬ 
bacterium alhumy Mm^yalinumj M. lacticolay M. luteum, M. phleiy and 
M. rubrum. 

Truffault and Bezssonoff (204) isolated bacteria from soil which oxi¬ 
dized paraffin oil, cyclohexane, and methylcyclohexane. 

Nearly all of the stock cultures of Pseudomonas studied by Haas 
(66) grew in kerosene media, indicating that the ability to utilize 
hydrocarbons is a common characteristic of the genus. This also ap¬ 
pears to be true of Mycobacterimn (65,66,94,209) and Actinomyces 
(92,93) species. Vierling (209) isolated 23 strains of Mycobacterium 
from soil, which utilized benzene, petroleum, paraffin oil, and paraffin 
wax as the only source of carbon. Mycobacterium lacticohy isolated 
from soil by Birch-Hirschfeld (13), oxidized acetylene. Three species 
of Actinomyces and 14 strains of Proactinomyces studied by Umbreit 
(205) utilized paraffin. 

Jensen (92) found that the abundance of Proactinomyces in soil was 
greatly increased by the addition of paraffin. Among the numerous 
organisms isolated from soil, which could utilize paraffin, were Pro¬ 
actinomyces agrestisy P. actinomorphuSy P. parafinaey P. polychromo¬ 
genes y P. minimusy Actinomyces albuSy and two other new species of 
Actinomyces designated and ‘'218W.’’ Jensen (93) later de¬ 

scribed Proactinomyces corallinuSy P. salmonicolory and P. opacus as 
paraffin oxidizers. P. ruber, P, poly chromogenes, Actinomyces 
tdolacens-ruber, A. albus, A. madurae, and Penicillium notatum, studied 
by Baldacci (6a), grew readily in mineral solution enriched with 
paraffin wax as the sole source of energy. 

Ten species of Micromonospora, which utilized either paraffin wax, 
parafiin oil, or various aromatic hydrocarbons, were found in Wisconsin 
lake bottoms by Erikson (45). Sturm and Orlova (175) found paraf¬ 
fin-oxidizing bacteria in Ala-Kule Lake, Russia. From medicinal 
mud Goobin (58) isolated Bacterium hidium and other bacteria which 
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attacked ethane, kerosene, and petroleum ether. Similar bacteria 
were detected in Dead Sea sediments by Elazari-Volcani (43). 
Hydrocarbon-oxidizing bacteria are commonly encountered in marine 
sediments (59,125,126,225,227,232,234). In investigating the use of 
mineral oils to control mosquito larvae, Headlee and Miller (74) found 
that the oil film on polluted water was broken by microorganisms 
which digest hydrocarbons. 

A petroleum-oxidizing coccobacillus isolated from oil-well brine was 
believed by Lipman and Greenberg (109) to have come from a depth 
of 8700 feet. Ginsburg-Karagitscheva (56,57), Issatshenko et aL 
(88), Maliyantz (110), Wackenhut (214), and ZoBell (227) have re¬ 
covered hydrocarbon-oxidizing bacteria from oil-well brines from 
various depths. 

Isjurova (86) warned against the use of petrolatum or paraffin oil 
as sealing agents in B.O.D. tests because of the common occurrence of 
hydrocarbon-oxidizing bacteria in water and sewage. 

IV. Action of Hydrocarbons on Microorganisms 

A. ANTISEPTIC HYDROCARBONS 

Although certain hydrocarbons are selective antiseptics, the rather 
common occurrence of bacteria and allied microorganisms associated 
with petroleum or its products is ample evidence that hydrocarbons 
are not germicidal for all organisms. Even toluene, which is some¬ 
times employed as a preservative for enzyme preparations, is attacked 
in all concentrations by several species of bacteria and molds. Picker¬ 
ing (131) noted an increase in the organic content of soil following its 
treatment with benzene, paraffin oil, or ether, but it remained for 
later w^orkers to prove that these substances are utilized by bacteria. 

Soaking soil with toluene was found by Russell and Hutchinson 
(141) to cause a temporary decrease in the bacterial population fol¬ 
lowed by a marked increase. Similar results were observed by Bud- 
din (17) in soil treated with toluene, benzene, cyclohexane, hexane, or 
pentane. The oxidation of toluene and other aromatic antiseptics by 
soil bacteria was established by Sen Gupta (151), who found further 
that phenol and cresol are also susceptible to microbial attack. 

That certain soil bacteria can obtain their energy and carbon re¬ 
quirements from toluene, xylene, pseudocumene, mesitylene, naph¬ 
thalene, cymene, pinene, hexane, benzene, chlorobenzenes, nitroben- 
zenes, and cresols was confirmed by Matthews (112). Toluene was 
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oxidized by 25 species representing 7 genera of bacteria isolated from 
soil by Gray and Thornton (61). Naphthalene, phenol, or cresol 
was attacked by bacteria in 146 out of 245 soil samples examined. 

Naphthalene, which is lethal for many microorganisms and which 
has been used as a soil ^^antiseptic,cannot be depended upon to 
sterlize soil. It actually promotes the growth of certain organisms 
(61,89,181). The addition of 1.28 g. of naphthalene to 100 g. of 
soil was observed by Jacobs (89) to result in an increase of the bac¬ 
terial population from an initial count of a few million per gram to 
more than three^11 ion per gram. Similar results were obtained 
by Tattersfield (181), who noted that whereas about 50 days were re¬ 
quired for the disappearance of 50 mg. of naphthalene from 100 g. of 
soil initially treated, the seeond 50 mg. of naphthalene disappeared in 
20 days and the third 50 mg. disappeared in 10 days. 

Part of the increase in the bacterial population of soil treated with 
hydrocarbons is definitely due to their assimilation by bacteria and 
partly to a lethal action of the hydrocarbons on soil fauna, the dead 
bodies of which are oxidized by bacteria (89,112,181). Not only are 
aromatic hydrocarbons lethal for many forms; all paraffin oils studied 
by Marsland (111) from octane, CgHis, to tetradecane, C 14 H 30 , in¬ 
duced narcosis or death when applied to the surface of Amoeba duhia. 
According to Dawson and Belkin (30), Amoeba proteus was not in¬ 
jured by the injection of mineral oil. 

Von Oettingen (212) rated octane as the most toxic of the satu¬ 
rated paraffinic hydrocarbons. Olefins are more toxic for animals 
than the corresponding saturated compounds, cycloparaffins are more 
toxic than olefins, and aromatic hydrocarbons are, in general, more 
toxic than homologous cycloparaffins. Toxicity generally increases 
with the number of side chains. 

B. SELECTIVE ACTION OF HYDROCARBONS 

The selective action of petroleum ether on enteric organisms is the 
basis of certain cultural methods for separating them (12,69,78,147, 
216). Bierast ( 12 ) reported that Escherichia was killed by treat¬ 
ment with petroleum ether which injured neither typhoid nor para¬ 
typhoid bacilli. After confirming and extending these observations. 
Hall (69) proposed the addition of pentane to nutrient broth to inhibit 
E, coli and to promote the growth of Eberthella typhi. Heyn (78) and 
Schuscha (147) claimed success in detecting typhoid organisms in pol- 
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luted water by treatment with petroleum ether. Walbum (216) failed 
to find any consistent difference in the susceptibility of different en¬ 
teric organisms to petroleum ether, although there was a close rela¬ 
tionship between the germicidal effect of 30 different petroleum frac¬ 
tions examined and their boiling points. In general, light ends were 
more germicidal than heavier hydrocarbons. 

Baier (6) erroneously believed that the germicidal property of hy¬ 
drocarbons is largely a function of their solubility in water. Jentsch 
(95) attributed the germicidal effect of illuminating gas to the presence 
of cyclic hydrocarbons, although it is now known that many micro¬ 
organisms may tolerate high concentrations of benzene, toluene, or 
xylene and actually attack these compounds (45,61,112,151,189,215, 
234). The antiseptic property of hydrocarbons was found by Van de 
Velde (207) to be roughly parallel to their oxidizability by potassium 
permanganate, mesitvlene and xylenes being more effective antiseptics 
than benzene or toluene. 

At this writing there seem to be too many unexplained peculiarities 
of microorganisms and their enzymes as well as unknown effects of 
experimental conditions to warrant any rigorous generalizations re¬ 
garding what determines whether hydrocarbons will be harmful or 
beneficial. Certainly it is a dangerous and unwarranted assumption 
to consider either gaseous, liquid, or solid hydrocarbons to be bio¬ 
logically inert. 

C. PRESERVATION OF CULTURES UNDER OIL 

Covering microbial cultures with a layer of colorless mineral oil has been recom¬ 
mended as an effective way to preserve them for prolonged periods of time (14, 
18,117,124,217). Delicate cultures of pneumococcus, meningococcus, gono¬ 
coccus, streptococcus, and influenza bacilli, investigated by Birkhaug (14) and 
Parish (129), remained alive for several months in nutrient media overlayered with 
liquid paraffin. Details of the procedure for preserving bacterial cultures under 
paraffin oil and a review of the relevant literature are given by Morton and Pu¬ 
laski (117). 

Sherf (152) maintained cultures of AUernaria, Fusarium^ and Phytomonas under 
mineral oil for several months. Buell and Weston (18) recommended the appli¬ 
cation of a layer of recently autoclaved heavy mineral oil about 1 cm. above the 
tip of agar slant cultures of fungi. The beneficial effect of the oil upon the pro¬ 
longed survival of fungous cultures was attributed to: (a) the exclusion of oxygen 
with a resultant decrease in the metabolic activity of the fungi, (6) the retardation 
of dehydration of the medium, and (c) the exclusion of mites and other contaminat¬ 
ing organisms. Edwards et al. (39) found that the oxygen consumption of fungous 
cultures was a function of the depth of overlayering oil. 
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The growth of fungi and bacteria on nutrient agar overlayered with oil was em¬ 
ployed by Young (219) as a criterion of the oil’s toxicity for vegetation. Toxicity 
of oils was found to increase with their sulfonatability. Hyaline, nearly unsulfo- 
natable petroleum oils were useful for preserving cultures of bacteria and fungi. 
Mold mycelia and some bacteria grew through oil 1 to 5 mm. along the glass walls 
of culture receptacles. Tomkins (203) reported the penetration and utilization 
of vaseline by molds. 

V. Microbial Oxidation of Gaseous Hydrocarbons 

There seems to be more specificity in the abihty of bacteria to at¬ 
tack gaseous hydrocarbons than higher homologs, probably because 
the latter have more vulnerable points and are thermodynamically 
less stable than short molecules. The greater oxidizability of higher 
homologs, however, is par-tly offset by their decreasing solubility with 
increasing complexity. 

In order to account for the low incidence of methane in the atmos¬ 
phere in spite of its abundant formation in swamps, soil, etc., Urbain 
(206) postulated that it was either oxidized by ozone in the atmosphere 
or in the presence of green plants, probably by bacteria. Then almost 
simultaneously Kaserer (101) and Sohngen (156) proved the bac¬ 
terial oxidation of methane. 

The physiology and ecology of methane-oxidizing bacteria have been 
studied by Sohngen (157,158), Stormer (171), Giglioli and Masoni 
(54,55), Harrison and Aiyer (72), Miinz (118,119), Aiyer (1), Hase- 
mann (73), Yurovskii et al. (220), Wiken (218), Hutton (82), Slavnina 
(155a,b), and many others. However, owing to technical difficulties 
encountered in studying them and a lack of sustained interest in 
methane-oxidizing bacteria, information is still woefully scant on 
their toxanomic position and physiology. 

Although most workers credit Methanomonas methanica as being the 
principal, if not the only, species to oxidize methane, there is some evi¬ 
dence that other bacteria utilize methane. Pseudomonas fluorescens 
was identified by Aiyer (1) as the bacterium responsible for the oxi¬ 
dation of methane in swamp paddy soil. Hutton (82) recorded that 
a species of Methanomas quite unlike M. methanica^ as well as certain 
strains of Pseudomonas fluorescens, utilized methane. The methane- 
oxidizing cultures of Miinz (119) frequently contained P, fluorescens 
and/or P, aeruginosa, but, since pure cultures of neither could utilize 
methane, he concluded that they grew at the expense of the organic 
matter synthesized by methane bacteria. Miinz regarded it as doubt- 
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ful whether the species of methane bacteria with which he worked was 
the same species described by earlier workers (101,156). 

There is disagreement among investigators and a general lack of 
data as to whether Methanomonas methanica can also utilize higher 
hydrocarbons. The methane oxidizer studied by Miinz (118) was 
said to utilize neither ethane nor ethylene, but the “methane bac¬ 
terium^^ of Tausz and Donath (196) oxidized hydrogen, ethane, pro¬ 
pane, butane, and higher paraffin hydrocarbons as well as methane, 
which may cause one to wonder if their culture was pure. Certain 
methane oxidizers believed by Hutton (82) to be pure cultures were 
found to assimilate ethane and propane. Be this as it may, it is gen¬ 
erally easier to demonstrate the oxidation of ethane and higher hydro¬ 
carbons than methane by mixed cultures of soil bacteria in spite of the 
more common occurrence of methane. 

A strain of M. methanica^ studied by Slavnina (155b), utilized 
methane, ethane, and propane. All except 8 out of 342 cultures of 
methane-oxidizing bacteria isolated from oil fields by Slavnina (155a) 
gave a positive test for peroxidase, as indicated by a blue color when 
treated with guaiacol and hydrogen peroxide. 

The so-called geomicrobiological prospecting methods of Blau (15), 
Mogilevskii (115), Sanderson (143), Taggart (177,178,180), and others 
are based upon the presence or activities of bacteria which oxidize 
gaseous hydrocarbons in surface soil overlayering subterranean de¬ 
posits of petroleum. Geochemical methods must take into consider¬ 
ation the rapidity with which bacteria may oxidize hydrocarbons in 
soil samples during their transportation and storage (115,235). 

The catalytic or chemical oxidation of methane generally results in 
the formation of methyl alcohol, formaldehyde, formic acid, and car¬ 
bon dioxide, in the order named, although hydrogen, carbon, carbon 
monoxide, alcohols, aldehydes, acetone, acids, saturated and unsatu¬ 
rated hydrocarbons, resins, and other products may be formed, de¬ 
pending upon the conditions (40). No sustained effort has been made 
to detect any of these products except carbon dioxide in cultures of 
methane-oxidizing bacteria and the same must be said regarding the 
utilization of the theoretical intermediate products of oxidation. 

Bacterium hidium, isolated from medicinal mud by Goobin (58), 
oxidized kerosene and ethane, but no mention was made of its ability 
to attack methane or other gaseous hydrocarbons. Acetylene but not 
ethylene, propylene, or methane provided the energy and carbon re- 
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quirements for the growth of Mycobacterium lacticola (13). Ethylene 
stimulated the respiration of Aspergillus fumigatus^ A, fiavus, and A. 
niger, although a high concentration of ethylene retarded the growth 
of these molds (208). 

In their review of the fragmentary literature on the microbial oxi¬ 
dation of gaseous hydrocarbons, Egloff and Schaad (40) pointed out 
the need of investigations on the action of bacteria on ethane, pro¬ 
pane, butanes, 2,2-dimethylpropane and allied compounds. 

VI. R^tive Oxidizability of Different Classes 
of Hydrocarbons 

A, ALIPHATIC VS. AROMATIC COMPOUNDS 

A few generalizations Regarding the relative oxidizability of differ¬ 
ent classes of hydrocarbons seem to be warranted, after discounting 
differences attributable either to the specificity of hydrocarbonoclastic 
enz 3 mies of various microorganisms or to the degree of dispersion or 
solubility of hydrocarbons in the nutrient medium. In general, ali¬ 
phatic or paraffinic hydrocarbons are attacked more rapidly and by 
more microbial species than aromatic compounds. It is a commonly 
reported observation that organisms which assimilate aromatic or 
naphthenic hydrocarbons attack the corresponding aliphatic com¬ 
pound more readily, and there are many reports of the inability of 
aliphatic hydrocarbon oxidizers to attack cyclic compounds; for 
example, neither benzene nor xylene was attacked by Actinomyces 
oligocarhophilus (105), which assimilated aliphatic hydrocarbons. 

Petroleum fractions high in paraffinic hydrocarbons were reported 
by Stone et al. (170) to be more readily assimilated by soil micro¬ 
organisms than those of high aromatic content, while the naphthenic 
fractions occupied an intermediate position. 

After noting that Bacterium aliphaticum quantitatively decomposed 
aliphatic hydrocarbons ranging from CeH^ to C 34 H 70 but failed to 
attack benzene, toluene, xylene, or other aromatic or naphthenic 
hydrocarbons, Tausz and Peter (197) suggested that such bacteria be 
employed for freeing cyclic hydrocarbons from aliphatic compounds. 
When grown in mixtures of hydrocarbons. Bacterium aliphaticum 
liquefadens quantitatively decomposed both aliphatic and naphthenic 
hydrocarbons and left all aromatic hydrocarbons unaltered. Among 
the naphthenic hydrocarbons shown to be attacked by this organism 
were cyclohexane, niethylcyclohexane, 1,3-dimethylcyclohexane and 
1,3,4-trimethylcyclohexane (197). 
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After observing that Pseudomonas fluorescens and Bacterium ali- 
phaticum readily attacked higher ahphatic hydrocarbons but not ben¬ 
zene, toluene, xylene, or short-chain aliphatic hydrocarbons, Johnson 
et al, (97) pondered whether hydrocarbons which are powerful fat sol¬ 
vents may be less readily assimilated than those which are less likely 
to dissolve cell lipides. 

Whether the greater susceptibility of aliphatic hydrocarbons to 
microbial attack is attributable to physical properties or chemical 
configuration is not known, but aromatic hydrocarbons are attacked 
by a good many microorganisms. Bacillus hexacarbovorum (171), 
Bacterium benzoli (124), and Bacillus toluolicurn (189) assimilated ben¬ 
zene, toluene, and xylene in concentrations up to one part in 10,000 of 
mineral media. The occurrence in soil of bacteria which decompose 
benzene, toluene, naphthalene, or other aromatic compounds has been 
reported by Gray and Thornton (61), Jacobs (89), Matthews (112), 
Sen Gupta (151), Tattersfield (181), and Wackenhut (214). 

From oil-soaked soil Tausson isolated Bacterium naphihalinicuSy 
Bacillus naphthalinicus liquefaciens, and B. naphthalinicus non4ique- 
faciens which assimilated naphthalene (181) and B. phenanthrenicus 
bakiensis and B. phenanthrenicus guricus which assimilated phenan- 
threne (188). ZoBell et al (234) isolated from marine sediments bac¬ 
teria which oxidized benzene, toluene, xylene, naphthalene, and an¬ 
thracene, though none as readily as paraffinic hydrocarbons of com¬ 
parable molecular weight. Several species of Micromonospora iso¬ 
lated from lake mud by Erikson (45) oxidized toluene and naphtha¬ 
lene. 

Enrichment cultures of soil bacteria studied by Strawinski and 
Stone (173) attacked naphthalene, biphenyl, tetralin, decalin, and 
butylbenzene, but not nearly as readily as aliphatic hydrocarbons. 
The ability of anaerobic sulfate reducers to assimilate hydrocarbons is 
restricted primarily to aliphatic compounds (125,139), although aro¬ 
matic hydrocarbons are slowly attacked by certain strains (194,227, 
235). 


B. EFFECT OF CHAIN LENGTH ON OXIDIZABILITY OF 
HYDROCARBONS 

As a rule long-chain hydrocarbons are attacked more readily and 
by more microbial species than those of low molecular weight. When 
similarly dispersed throughout the medium to compensate for differ- 
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ences in solubility, the susceptibility of petroleum products to micro¬ 
bial oxidation generally increases with the melting or boiling point. 
Mixed microtlora from soil or sediments ordinarily attack petroleum 
ether more readily than natural gas, and oxidized with increasing ease 
are gasoline, kerosene, lubricating oil, and paraffin wax, in the order 
named (19,68,97,158,234). 

Several Mycobacterium species observed by Haas et al. (68) grew 
on paraffin wax much better than on gasoline or kerosene. Most of 
the Pseudomonas species also grew better on paraffin wax and oils 
than on keroseiW^ and better on kerosene than on gasoline, although 
one Pseudomonas species grew on petroleum ether, gasoline, and kero¬ 
sene but on neither paraffin wax nor oil. 

Most of the 16 species-of Mycobacterium and Pseudomonas isolated 
from soil and ditch water by Sohngen (158) assimilated hydrocarbons 
having boiling points higher than 150°C. but not those with lower 
boiling points. Micrococcus paraffinae^ like Mycobacterium albumy 
M. rubrumy Pseudomonas fluorescensy and certain raw cultures, rapidly 
oxidized finely divided paraffin wax, but all grew less readily on pen¬ 
tane, hexane, heptane, and octane than on higher members of the 
series. These organisms failed to attack hydrocarbons having fewer 
than five carbon atoms per molecule. 

Cultures of Bacterium aliphaticum and B. aliphaticum liquefaciens 
attacked all aliphatic hydrocarbons tested ranging from pentane, 
C 6 Hi 2 , to tetratriacontane, C 34 H 70 , but no hydrocarbon lower than 
pentane was attacked by either organism (195,197). Unlike other 
investigators (82,118), who have found a high degree of specificity in 
the ability of methane oxidizers to oxidize only methane, Tausz and 
Donath (196) reported that their ^^methane bacterium^^ also utilized 
ethane, propane, butane, pentane, hexane, and higher hydrocarbons 
with increasing ease. The ‘"paraffin bacterium’^ of Tausz and Peter 
(197), probably a PseudomonaSy attacked no aliphatic hydrocarbon 
lower than hexadecane, C 16 H 34 , but it attacked with increasing ease 
higher members of the paraffin series. 

In the hands of Johnson et al. (97), Bacterium aliphaticum and 
Pseudomonas fluorescens grew with increasing ease on gasoline, kero¬ 
sene, lubricating oil, and paraffin oil. P. fluorescens grew on no pure 
hydrocarbon of shorter chain length than dodecane, C 12 H 26 , but B. 
aliphaticum grew better on hexane, heptane, octane, and nonane than 
on dodecane. 
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Strawinski^s (172) observations on the action of mixed soil micro- 
flora on 24 different hydrocarbons indicated that the longer the ali¬ 
phatic portion of either paraffinic or mononuclear aromatic com¬ 
pounds, the more readily they are dissimilated. Hexadecane was oxi¬ 
dized more readily than any other compound tested. The observa¬ 
tion of Stone et al (169) that medium-weight petroleum fractions are 
more susceptible to microbial attack than the heavier fractions may 
be attributable to the chain length of the hydrocarbons, the kinds of 
hydrocarbons present in the various fractions, or the degree of dis¬ 
persion of the hydrocarbons in the mineral medium. Rahn (133) re¬ 
ported that soil fungi grew better on paraffin wax having a melting 
point of 45° than on that melting at 56 °C. Similarly, Hopkins and 
Chibnall (79) noted that Aspergillus versicolor showed good growth on 
n-tricosane, C23H48, fair growth on n-heptacosane, C27H66, n-nonaco- 
sane, C26H60, and n-triarontane, C30H62, slight growth on n-tetratria- 
contane, C34H70, and no growth on n-pentatriacontane, C35H72. 

According to Tausson and Aleshina (191), anaerobic sulfate- 
reducing bacteria can utilize no paraffinic molecule smaller than dec¬ 
ane. Confirming this assertion, which was based upon theoretical 
thermodynamic considerations, Novelli and ZoBell (126) actually ob¬ 
served the utilization by sulfate reducers with increasing ease of dec¬ 
ane, C 10 H 22 , tetradecane, C 14 H 30 , eicosane, C 20 H 42 , docosane, C 22 H 46 , 
and hentriacontane, C 31 H 64 . 

C. EFFECT OF UNSATURATION OR DOUBLE BONDS 

Hydrocarbons having double bonds seem to be more susceptible to 
microbial oxidation than their saturated counterparts. Haag (65) 
came to this conclusion after observing that Mycobacterium species 
utilized pentene, CsHio, but not pentane, C 5 H 12 , and mixtures of 
hydrocarbons having high iodine numbers. For example, carbon di¬ 
oxide was produced from the oxidation of a paraffin having an iodine 
number of 4.6 at an average rate of 103 mg. per week as compared with 
32 mg. of carbon dioxide per week from a paraffin having an iodine 
number of 2.4. Seven other paraffins having intermediate iodine 
numbers were oxidized at intermediate rates corresponding to their 
degrees of unsaturation. 

When lubricating oils were subjected to the action of bacteria, a 
decrease in the iodine number suggested to Tausson and Shapiro (192) 
that unsaturated hydrocarbons are preferentially attacked. 
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Desulfovibrio species were found by ZoBell et al, (235) to oxidize 
hexadecene, C 16 H 32 , appreciably faster than its saturated homolog, 
hexadecane, C]eH 34 . Butadiene, CH 2 =CH—CH=CH 2 , isoprene or 
methylbutadiene, CH 2 =CH—C (CH 3 )=CH 2 , isobutylene, (CHs) 2 - 
C=CH 2 , styrene, CeHs—CH—CH 2 , and allied unsaturated ^ ^rubber'^ 
hydrocarbons have been shown to be very vulnerable to microbial 
attack (23). 

Although the methane bacteria investigated by Miinz (118) failed 
to attack ethylene, unidentified species in mixed cultures formed films 
or pellicles the surface of water through which ethylene was 
bubbled. The ^^methauje bacterium^’ of Tausz and Donath (196) 
utilized ethylene, propylene, and butylene more readily than methane 
or ethane. * 

Two different cultures studied by Tausz and Peter (197) grew better 
on octene, CsHie, than on octane, CsHis, an observation which has 
been confirmed by Strawinski (172) with mixed cultures of soil bac¬ 
teria. The position of the double bond may also influence the results 
as indicated by the fact that /i-pentene, CH 2 =CHCH 2 CH 2 CH 3 , sup¬ 
ported the growth of mixed cultures of soil bacteria much better than 
pentene-2, CHgCH^^CHCHsCHs (172). 

In the cyclic series there seems to be no consistent relationship be¬ 
tween the presence of double bonds and the oxidizability of hydro¬ 
carbons by microorganisms. Naphthalene, which has five double 
bonds, was utilized more readily by soil bacteria than its completely 
saturated counterpart, decalin, but, conversely, benzene, which has 
three double bonds, was utilized less readily than its completely satu¬ 
rated counterpart, cyclohexane (172). 

Two enrichment cultures of marine bacteria which oxidized ethane, 
H 3 C—CHa, were found to utilize ethylene, H 2 C=CH 2 , more rapidly, 
and they attacked acetylene, HC—CH, more rapidly, than either 
ethane or ethylene (236). The susceptibility of such unsaturated 
compounds to microbial attack may help to account for the general 
absence of olefinic hydrocarbons in petroleum. In this connection it 
is of interest to point out thatcertainhydrogenase-producing anaerobes 
have been observed to activate the hydrogenation or saturation of 
octene and hexadecene. 

D. EFFECT OF BRANCHING OR SIDE CHAINS 

Although there are many exceptions to the rule due to unpredictable 
enzyme specificity of hydrocarbonoclastic microorganisms, in general 
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iso or branched-chain hydrocarbons are more susceptible to microbial 
oxidation than normal or straight-chain compounds. For example, 
isooctane or 2,2,4-trimethylpentane, CH 3 C(CH 3 ) 2 CH 2 CH(CHs)CH 3 , 
was utilized much more rapidly than n-octane, CH 3 (CH 2 )cCH 3 , by 
mixed cultures of soil (172) and marine (223,235) bacteria, although 
the reverse relationship has been reported for certain organisms 
(97,173). 

The growth of Bdcterium aliphaticum liquefaciens was supported by 
cetylbenzene, C 6 H 6 C 16 H 83 , but not by either benzene, CeHe, or toluene, 
CeHsCHa (196). This same organism oxidized dimethylcyclohexane, 
C 6 Hio(CH 3 ) 2 , and trimethylcyclohexane, C 6 H 9 (CH 3 ) 3 , more rapidly 
than cyclohexane, C 0 H 12 (197). 

Matthews (112) claimed that the introduction of a methyl group 
into the benzene ring rendered the resulting compound more suscep¬ 
tible to bacterial oxidation because of the greater potential energy, 
AH, of the methylated co>npound. Thus toluene, CeHsCHs, was 
found to cause a greater increase in the bacterial population when 
added to soil than benzene, xylene, C 6 H 4 (CH 3 ) 2 , greater than toluene, 
and mesitylene, C 6 H 3 (CH 3 ) 3 , greater than xylene. Similarly, Wagner 
(215) found that Bacterium henzoli utilized either toluene or xylene 
more readily than benzene. Soil bacteria studied by Strawinski and 
Stone (173) grew fairly well on butylbenzene, C 6 H 6 C 4 H 9 , but not at all 
on either benzene or toluene. Mixed microflora from soil utilized 
toluene more readily than benzene or m-xylene (186). One of the 
four strains of Bacillus toluolicum observed by Tausson (188) uti- 
hzed ethylbenzene, C 6 H 6 C 2 H 6 , and toluene more readily than benzene, 
but the reverse relationship was found for the other three strains. 
Pseudocumene, cumene, and p-thymol were attacked only very 
slowly by B, toluolicum. 

The addition of a methyl group to naphthalene was found by Stra¬ 
winski (172) to reduce the availability of the resultant compound to 
microbial attack by soil bacteria. 

E. POLYCYCLIC HYDROCARBONS 

Most investigators have found that naphthalene is dissimilated 
more readily and by more microbial species than benzene, but only 
fragmentary data are available on the microbial oxidizability of an¬ 
thracene and more complex hydrocarbons having condensed benzene 
nuclei. When added to soil, naphthalene generally causes a greater 
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increase in the bacterial population than benzene (61,89,109,112,181). 
Strawinski and Stone (173) found no bacteria in soil enrichment cul¬ 
tures which were capable of growing on benzene, although both naph¬ 
thalene and biphenyl supported large bacterial populations. 

According to Tausson (186,189), naphthalene, biphenyl, anthra¬ 
cene, and phenanthrene are readily utilized by many soil bacteria. 
Certain sulfate-reducing bacteria (194) slowly attacked naphthalene, 
phenanthrene, and retene (7-isopropyl-1-methylphenanthrene). Taus¬ 
son described three new species which assimilated naphthalene 
(185) and t^ which assimilated phenanthrene (188). From Mai- 
kopsy soils Tausson obtained cultures which oxidized acenaphthene, 
anthracene, bibenzyl, biphenyl, diphenylmethane, fluorene, and stil- 
bene. Sisler and ZoDell (154) noted that phenanthrene and anthra¬ 
cene were assimilated by marine bacteria somewhat faster than either 
naphthalene or 1,2-benzanthracene, but 1,2,5,6-dibenzanthracene was 
assimilated only about one fourth as fast. 



From oil-field soils Osnitskaya (128) cultivated mixed microflora 
which utilized naphthenic acids as the sole source of carbon. The 
destruction of naphthenic acids was accompanied by an increase in the 
iodine number and a decrease in the acid number. Pseudomonas 
oleovorans and large numbers of other bacteria found growing in cut¬ 
ting oils were believed by Lee and Chandler (107) to live on naph¬ 
thenic acids in the oils. 

VII. Action of Micrborganisms on Hydrocarbon Derivatives 

The decomposition of phenol and o-, tm-, and p-cresol by soil bacteria 
was first demonstrated by Stormer (171) in 1907. Six years later Per¬ 
rier (130) described several species of PenicilUum, Mucor, Torul/Xy 
yeasts, and bacteria, including four varieties of Bacillus benzoicus, 
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which decomposed phenol, salicylic acid, and benzoate as the sole 
source of carbon and energy. 

From sewage Fowler et al (50) isolated Flavohacterium helvoluSy 
which destroyed 0.1% phenol in mineral medium. Kalabina and 
Rogovskaya (99) studied sewage bacteria which utilized phenol in 
concentrations as high as 0.3%. Other phenol-oxidizing bacteria 
have been found in soil (9,29,47,61,151,155,210), lake mud (45), 
effluent from a coke-benzene plant (41,42), and in marine sediments 
(235). 

Most of the ten strains of Micrornonosporay which Eilkson (45) iso¬ 
lated from lake mud, assimilated phenol, m-cresol, jS-naphthol, re¬ 
sorcinol, trinitroresorcinol, picric acid, and p-dichlorobenzene, as well 
as toluene and naphthalene. Mpore (116) observed Proactinomyces 
species from soil which utilized pyridine, aniline, nitrobenzene, and 
phenol as the sole source of energy. 

Buddin (17) noted a great increase in the bacterial population of 
soil treated with phenol, cresol, quinone, hydroquinone, and pyridine, 
as well as with certain paraffinic, aromatic, or naphthenic hydro¬ 
carbons, but it remained for Matthews (112) to prove that these sub¬ 
stances were oxidized by bacteria. Matthews also demonstrated the 
microbial utilization of chlorobenzenes and nitrobenzenes. Gray and 
Thornton (60,61) described several species of soil bacteria which could 
oxidize phenol, cresol, resorcinol, phloroglucinol, toluene, or naphtha¬ 
lene. 

Phenol was decomposed by five different strains of Achromohacter 
species studied by Czekalowski and Skarzynski (29,155). Utilized in 
the order of decreasing ease by one strain of Achromohacter were hy- 
droxybenzoate, dihydroxyhenzoate, benzoate, phenyl acetate, phenyl 
benzoate, o-cresol, diphenylacetate, benzyl alcohol, o-aminobenzoate, 
phenol, phenyl sulfate, orcinol, m-cresol, p-cresol, o-aminobenzoate, 
pyrogallol, benzamide, cyclohexanol, and ?M-dihydroxybenzene. Not 
attacked were several closely related aromatic compounds, including 
p-dihydroxybenzene, nitrobenzene, aminobenzene, benzil, naphthol, 
and phthalic acid. The specificity of the attack is illustrated by the 
fact that 3,4-xylenol-l-ol was readily utilized but 3,5-xylenol-l-ol was 
not attacked; o-diphenol (catechol) was readily utilized but p-di- 
phenol (hydroquinone) was not attacked by the Achromohacter strain. 
The highly specific enzyme system responsible for the breakdown of 
aromatic compounds was believed to contain esterases. 



464 


CLAUDE E. ZOBELL 


Benzoate was utilized by nearly all strains of Pseudomonas examined 
by Stanier (165), but phenol was utilized by only three out of 22 
strains tested. Only one strain attacked o- and Tw^hydroxybenzoate, 
while 21 strains attacked p-hydroxybenzoate. Benzaldehyde was 
attacked by 20 strains, benzyl alcohol by 17, and phenyl acetate by 
14 strains. The attack of all such aromatic compounds was believed 
to be brought about by highly specific adaptive enzymes. 

Three species of phenanthrene-decomposing bacteria. Bacillus 
phenanthrenicus hakiensisj B. phenanthrenicus guricuSy and Bacterium 
phenanthrenicwiiiii were found by Tausson (188) to attack saligenin, 
o-salicylic acid, o-hydroxybenzaldehyde, pyrocatechol, and quinic 
acid. Two species utilized hydroquinone and one species utilized 
phenol. Resorcinol, phloroglucinol, pyrogallol, and phthalic acid 
were not attacked. 

VIII. Products of Hydrocarbon Oxidation 

Very little is known regarding the mechanism by which hydro¬ 
carbons are attacked by microorganisms. It is generally agreed, 
however, that carbon dioxide and cell substance are the principal 
products resulting from the microbial dissimilation of hydrocarbons. 
Organic acids, ketones, alcohols, aldehydes, and modified hydro¬ 
carbons have also befni detected as intermediate or end products. 

A. CELL SUBSTANCE 

An appreciable percentage of the hydrocarbon dissimilated by 
microorganisms may be converted into microbial protoplasm or cell 
substance, particularly during the early stages of incubation. From 
the number and mass of bacteria developing in mineral media enriched 
with hydrocarbons as the sole source of carbon, ZoBell (226,235) esti¬ 
mated that from 25 to 35% of the carbon content of paraffinic hydro¬ 
carbons appeared as bacterial protoplasm. Comparable findings for 
mold fungi have been reported by Tausson (187), who reported results 
in terms of an ^^economic coefficient’’: 

(weight of mold mycelium) 

(weight of HC utilized) ^ 

The economic coefficient resulting from the growth of Aspergillus 
flavus on paraffin wax ranged from 52.3 to 92.5, the highest values 
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being found during the early stages of incubation. These values may 
be compared with economic coefficients of 35.1 to 39.2 for beeswax 
and 26 to 28 for glucose. 

The amount of organic matter, probably cell substance, produced 
by methane-oxidizing bacteria was determined by Sohngen (156,157) 
and Miinz (118,119) as a criterion of activity. Aiyer and associates 
(1,72) like Giglioli and Masoni (54,55) considered organic matter for¬ 
mation one of the most important functions of methane oxidizers in 
soil. Harper (71) noted a marked increase in the organic content of 
soil around leaky gas mains, presumably due to the bacterial oxidation 
of methane and other hydrocarbons. Schollenberger (145) also ob¬ 
served increased biological activity in soil resulting from leaking 
natural gas. 


B CARBON DIOXIDE 

Sohngen (158) observed the development of bacteria and the for¬ 
mation of insignificant quantities of organic acids during the dis¬ 
similation of higher paraffins, but the principal products were carbon 
dioxide and water. Tausz and Peter (197) came to the same conclu¬ 
sion after comparing the quantity of carbon dioxide produced with the 
amount of oxygen consumed by bacteria decomposing hydrocarbons. 
The relatively high R.Q. values observed by others (19,96,97,169,170) 
for the oxidation of hydrocarbons have already been mentioned. 

Although Wagner (215) obtained indirect evidence for the for¬ 
mation of hydroquinone and various organic acids, carbon dioxide 
was the principal product resulting from the oxidation of benzene and 
toluene by Bacterium henzoli. 

Biittner (20) accounted for from 80 to 90% of the carbon in paraffin 
dissimilated by soil microbes as carbon dioxide, the remainder appear¬ 
ing as cell substance, fatty acids, and lesser quantities of other inter¬ 
mediate products. His values, however, for the amount of cell sub¬ 
stance formed are probably too low because in determining the for¬ 
mer, Biittner extracted the cultures with carbon tetrachloride which 
could be expected to dissolve cell lipides and other products besides 
paraffin wax. The acid-fast bacteria with which he was working 
might have contained appreciable quantities of lipides. 

Approaching the problem from the viewpoint of the biological puri¬ 
fication of sewage and other waste waters, Isjurova (87) showed that 
in the presence of appropriate nutrients and oxygen various kinds of 
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hydrocarbons were almost quantitatively oxidized to carbon dioxide 
and water. 


C. ORGANIC ACIDS 

Tausson (186,187) questioned the formation of free fatty acids by 
Aspergillus flavus because of the ease with which such products are 
attacked by the mold, and, moreover, he observed no increase in acid¬ 
ity of mineral medium in which paraffin was being decomposed. 
Nonacidic products detected in appreciable amounts in cultures of 
fungi growing«ii3L paraffin wax were assumed by Tausson (183,184) to 
consist in part of esters of fatty acids and higher alcohols. 

Increases in the saponification number and the emulsification of 
crude oil undergoing microbial decomposition were attributed by 
Tausson and Shapiro (192) to the formation of fatty and naphthenic 
acids. The emulsification of the unfermented part of the oil and the 
decrease in the pH of the medium also indicated to Bushnell and Haas 
(19) and to Stone et al. (170) that paraffinic hydrocarbons were dis- 
similated with the formation of long-chain fatty acids. 

According to Strawinski (172), the bacterial oxidation of cetane and 
naphthalene resulted in a more acid reaction than could be accounted 
for upon a basis of the amount of carbonic acid produced. Significant 
quantities of o-salicylic acid were detected in naphthalene cultures of 
Pseudomonas aeruginosa. Soil bacteria studied by Jacobs (89) formed 
phthalic acid from naphthalene. 

T. A. Tausson (182) claimed that fatty acids and carbon dioxide 
were produced from paraffin by certain yeasts. The microbial for¬ 
mation of traces of acetic and lactic; acids from kerosene was reported 
by Thaysen (200). A patent issued to Taggart (179) disclosed a bac¬ 
terial method for converting gaseous paraffinic hydrocarbons into 
waxy acids, low boiling point alcohols, and esters. 

Haas et al. (68) isolated small quantities of organic acids, having 
melting points ranging from 25 to 30°C., from bacterial cultures grow¬ 
ing on mineral oil. Acid formation by Pseudomonas aeruginosa from 
petroleum, heptane, gasoline, and petroleum jelly was observed by 
Imelik (84). Formic and valeric acids were identified in cultures grow¬ 
ing on cyclohexane (85). 

The oxidation of benzene to muconic acid in experimental animals 
has been reported (11,90,122,201). There is also evidence that ani¬ 
mals oxidize toluene to benzoic acid (213). Stetten (168) adminis- 
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tered hexadecane tagged with heavy hydrogen to prove that rats can 
oxidize this hydrocarbon to fatty acids. 

D. ALDEHYDES 

Imelik (85) detected formaldehyde in cultures of P. aeruginosa 
assimilating cyclohexane. The formation of aldehydes by Pseudo¬ 
monas species dissimilating naphthalene was suspected by Strawinski 
(172). Acetaldehyde has been reported as an intermediate product in 
the microbial oxidation of kerosene ( 200 ) and acetylene (13). 

E. ALCOHOLS AND OXYPHENOLS 

A volatile alcohol, thought to be isopropanol, as well as glycol and 
glycerol were produced from paraffin oil by soil microflora observed by 
Haas ( 66 ). Molds growing in mineral oil medium produced small 
amounts of ergostero! and cholesterol, but no sterols were found in 
bacterial cultures acting on oil ( 68 ). Certain fungi studied by Taus- 
son (184) were believed to form higher alcohols during the dissimila¬ 
tion of paraffin wax. 

In an effort to learn how higher paraffins are oxidized by molds, 
Hopkins and Chibnall (79) experimented with oxygenated derivatives 
of the hydrocarbons. Ketone derivatives, such as 14-heptacosanone 
CH 3 (CH 2 )i 2 CO(CH 2 )i 2 CH 3 , aud 16-hentriacontanone, CH 3 (CH 2 )i 4 CO- 
(CH 2 )i 4 CH 3 , were utilized more readily than the corresponding hydro¬ 
carbons, w-heptacosane, C 27 H 66 , and hentriacontane, C 3 iH 64 , but the 
secondary alcohols, 14-heptacosanol, CH 3 (CH 2 )i 2 CHOH(CH 2 )i 2 CH 3 , 
and 16-hentriacontanol, CH 3 (CH 2 )i 4 CHOH(CH 2 )i 4 CH 8 , were not 
utilized. From such experiments it was concluded that the primary 
products of oxidation of paraffinic hydrocarbons are ketones or pos¬ 
sibly polyketones which are oxidized further to shorter fatty acids and 
then to carbon dioxide as fast as formed. The intermediate formation 
of alcohols or esters, of fatty acids and alcohols was questioned, al¬ 
though there is ample evidence that hydroxy compounds, including 
phenols, are readily attacked by many microorganisms. As a matter 
of fact, the oxidizability of compounds seems to increase with an in¬ 
crease in the number of carbon atoms which are linked with hydroxy, 
carboxy, or keto groups (128). 

After observing that cyclohexanol was dissimilated by Pseudomonas 
aeruginosa in the same fashion as cyclohexane, Imelik (85) postulated 
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that the former was an intermediate product in the oxidation of the 
latter: 

OeHia 4“ ^ O 2 -► OftHiiOH 

CsHi.OH + 2 O 2 -> (;«H,COOH + HC:OOH 

Also considered as intermediate products were peroxides, which in¬ 
creased progressively in amount during the first five days of incubation 
and then gradually disappeared. The initial intermediate products in 
the chemical oxidation of hydrocarbons are thought (236) to be hydro¬ 
peroxides: 

R— CH2CH3 + O2-> R- (^IICH3 

0~0H 

Parafl&n Hydroperoxide' 

The hydroperoxides are then further oxidized to aldehydes, ketones, 
organic acids, and carbon dioxide (236). 

Upon a basis of the rapidity with which three species of phenan- 
threne-oxidizing bacteria assimilated the intermediate compounds in 
question, Tausson (188) postulated the stepwise dissimilation as fol¬ 
lows: 



Cr 

Phenan throne 
o-Hydroxybenzaldehyde 

The benzene nucleus of pyrocatechol, or possibly of salicylic acid— 
both of which were readily attacked by the bacteria—was believed to 
be split with the formation of muconic acid, which is then rapidly oxi¬ 
dized to carbon dioxide: 

+ O2 -- HOOCCH;CHCH:CHCOOH 


Pyrocatechol 




<?-Hydroxybenzyl alcohol 

o-Salicylic acid Pyrocatechol 


Muconic acid 
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The inability of the bacteria to utilize any of the following closely 
related compounds indicated to Tausson that none of them is an inter¬ 
mediate product in the oxidation of phenanthrene because the latter 
was oxidized completely to carbon dioxide and water: resorcinol, 
phloroglucinol, pyrogallol, and phthalic acid. 

Judging from the observed inability of Bacterium naphthalinicum 
and two other allied naphthalene-decomposing bacteria to attack 
pyrocatechol, resorcinol, phloroglucinol, pyrogallol, phthalic acid, 
a-naphthol, or iS-naphthol, Tausson (185) concluded that none of these 
compounds could be intermediate products in the dissimilation of 
naphthalene. He postulated, but failed to prove, that both benzene 
rings in the naphthalene molecule are ruptured simultaneously by bac¬ 
teria. As has already been pointed out, however, certain bacteria 
have been demonstrated to produce o-salicylic acid (172) and phthalic 
acid (89) from the dissimilation of naphthalene, which again empha¬ 
sizes differences attributable to enzyme specificity or to experimental 
conditions. 

Unlike the anaerobic degradation of phenanthrene by sulfate- 
reducing bacteria which resulted in the formation of oxyphenol com¬ 
pounds, no such intermediate products were observed by Tausson and 
Vesselov (194) during the anaerobic degradation of naphthalene. 

Von Oettingen (213) has reviewed the literature on the oxidation of 
benzene to polyphenols by experimental animals (see p. 476). 

F. MODIFIED HYDROCARBONS AND PIGMENTS 

From the observation that hydrogen was transferred from paraffinic 
hydrocarbons to methylene blue, as in a modified Wieland reaction, 
Tausz and Donath (196) conjectured that unsaturated hydrocarbons 
were formed by bacteria. The appearance of unsaturated hydro¬ 
carbons in kerosene cultures was attributed by Bushnell and Haas 
(19) to the dehydrogenating action of bacteria. Imelik (83) attrib¬ 
uted an increase in the bromine index of petroleum being acted on by 
soil bacteria to the conversion of saturated hydrocarbons into unsatu¬ 
rated ones, but other workers (65,192) have presented evidence that 
unsaturated hydrocarbons are preferentially attacked (see p. 459). 

In the gas phase of bacterial cultures growing on kerosene Thaysen 
(199) found 10.55% methane and 3.95% ethane. He credited micro¬ 
bial activity in water bottoms of kerosene storage tanks with being 
responsible for the production of explosive gas mixtures. ZoBell et al. 
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(235) have confirmed the liberation of volatile hydrocarbons, defi¬ 
nitely methane and possibly traces of ethane, from paraffin oil being 
decomposed by marine bacteria. Rubber-digesting bacteria observed 
by Sohngen and Fol (160) split methane from caoutchouc. 

Upon a basis of theoretical thermodynamic considerations and the 
interpretation of laboratory observations, Tausson and Aleshina 
(191) postulated that the general tendency is for anaerobic sulfate- 
reducing bacteria to convert paraffinic hydrocarbons into polymethyl¬ 
ene or naphthenic hydrocarbons, for example: 

4 C 10 H 22 + -> 4CH3C6H,oCH(CH3)2 + 4 H 2 O -f CaS -f- 184,400 cal. 

Unquestionably sulfate reducers do modify paraffinic hydrocarbons 
with the formation of a minimum of oxygenated carbon compounds, 
but virtually nothing islcnown regarding the chemical composition of 
the end products (235). 

An unsaturated pigmented hydrocarbon, /S-carotene was produced 
from paraffin oil by Corynebacterium species studied by Haas ei al. 
(66,68). Two other carotenoid pigments and astacin were produced 
from paraffin oil by Mycobacterium species (67). Imelik (85) identi¬ 
fied as hemipyocyanin the pigment produced by Pseudomonas aerugi¬ 
nosa during the decomposition of cyclohexane. Microorganisms 
growing on various kinds of hydrocarbons often produce pigments 
which impart a yellow, orange, red, brown, or other color to the me¬ 
dium. According to Slavnina (155b), certain hydrocarbon-oxidizing 
bacteria produced a brilliant green fluorescence by which they could 
be distinguished from closely allied species. 

IX. Microbial Modification of Petroleum and Its Products 

Petroleum may be modified wherever it occurs in contact with water 
under conditions favorable for microbial activity. The extent and 
character of the changes will be influenced primarily by the surface 
area of oil exposed to microbial enzymes, the kinds of organisms pres¬ 
ent, chemical composition of the oil, the environmental conditions, 
and time. The accumulation of oil in droplets or larger masses and 
its burial in sediments tend to protect it from contact with water or 
oxygen, thereby greatly retarding its destruction, but even in subter¬ 
ranean pools petroleum may be slowly attacked by anaerobic bac¬ 
teria at the oil-water interface. Probably only in those environments 
where microbial activity is prevented by adverse pH, low EJ^y toxic 
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elements, antibiotics, lack of moisture or nutrients, enzyme inhibitors, 
or other unfavorable conditions is petroleum completely immune from 
microbial attack. Cyanide and urethane may be mentioned as ex¬ 
amples of enzyme inhibitors which stopped the action of Bacterium 
aliphaticum on hydrocarbons (97), and there may be other types of 
enzyme inhibitors occurring naturally in sediments. 

A. RATE OF OXIDATION OF OIL 

Wagner (215) reported the destruction of cmde oil by Bacterium 
henzoli at a rate exceeding 100 mg. per day in 100 cc. of mineral solu¬ 
tion overlayered with oil. Layers of crude oil up to 2 mm. in thick¬ 
ness floating on mineral medium were perforated by bacteria within a 
week or two, after which the oil gradually disappeared, but layers 
thicker than 2 mm. were not noticeably affected by bacteria owing to a 
lack of free oxygen, according to Tausz and Peter (197). 

Russian and American crude oils examined by Sohngen (158) were 
destroyed by soil aerobes at a rate as high as 0.75 g. of oil per day per 
square meter of oil surface exposed to the culture. In experiments of 
seven months’ duration, Tausson and Shapiro (192) observed the bac¬ 
terial destruction of crude and lubricating oils at rates ranging from 
0.4 to 1.2 g. per day per square meter. From data given by Tausson 
(187), it is calculated that enrichment cultures of soil bacteria oxi¬ 
dized paraffin wax having a melting point of 78 °C. at a rate of 1.93 g. 
per day per square meter. Naphthalene was oxidized as fast as 3.37 
g. per day per square meter (185). 

Mixed cultures of aerobic soil and marine microorganisms studied 
at the Scripps Institution (235) destroyed crude oils from nearly one 
hundred different fields at rates ranging from 0.03 to 0.5 g. per day per 
square meter. Approximately one gram of oil was accurately weighed 
into 100 cc. of inoculated mineral medium in glass bottles which gave 
an oil-water interfacial area of approximately 60 square centimeters. 
After 3 to 14 months’ incubation at 28 °C. the loss of oil attributable to 
microbial activity was determined by careful comparison with un¬ 
inoculated controls. 

The rate of oil oxidation could be greatly accelerated by dispersing 
the oil throughout the medium by emulsification or by absorption on 
particles of calcium carbonate, silica sand, diatomaceous earth, or 
other finely divided solids. Such dispersion of the oil also provided 
for more rapid multiplication of microorganisms. During the period 
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of logarithmic increase it is estimated that aerobic bacteria destroyed 
oil at the rate of 4 to 318 X 10“^^ mg. per cell per hour at 28®C. 

B. EXTENT OF CHANGE 

Thick layers of oil may be affected so slowly by microbial action 
that the only evidence of attack is to be found in the juxataposed 
water phase (increased bacterial population, reduced oxygen content, 
lowered pH, etc.). At the other extreme, oil in thin films on water or 
soil may be quantitatively oxidized to carbon dioxide and water. 

The complefPiKlisappearance of cmde oil from the water and beaches 
of San Francisco Bay following the wrecking of a tanker was shown by 
Beckman (10) to be due largely to bacterial action. In swamps where 
mosquito control presents a problem, Headlee and Miller (74) noted 
the destmction of films of oil attributable to microbial activity. 
Layers of oil 0.1 to 0.2 mm. thick placed on marshes and reservoirs to 
control mosquitoes were observed by Tausson (186) to be emulsified, 
perforated, and oxidized by bacteria in 7 to 10 days in the summer. 
When absorbed on small pieces of pumice to provide for better contact 
with bacteria or their enzymes, oil was decomposed much faster than 
were films of oil floating on the water. 

The turbidity of mineral medium inoculated with soil bacteria and 
covered with a layer of heavy black Baku crude oil 1 to 5 mm. thick 
was observed by Tausson (187) to increase gradually due to the multi¬ 
plication of bacteria and the emulsification of oil. Often the medium 
became discolored yellow or brown and a bacterial pellicle formed at 
the oil-water interface. After 4 days there was evidence of emulsifi¬ 
cation which increased until the layer of oil was perforated in places 
and, within 10 to 18 days, the layer of oil was broken into islands. 
After three weeks only a semisolid sticky resinous residue remained. 

Examples of the disappearance of oil from surface soil as a direct 
result of microbial activity have been chronicled by Baldwin (7), 
Carr (21), Osnitskaya (128), and Tausson (186). The disappear¬ 
ance within a few days of crude oil, stove oil, or other petroleum prod¬ 
ucts sprayed on soil or trees to kill weeds or insects must be due to 
hydrocarbon-oxidizing microorganisms. 

Oil in subterranean deposits may have been modified by micro¬ 
organisms throughout the geological ages. Although there is no con¬ 
clusive evidence for such change, the occurrence of living bacteria at 
appreciable depths in petroliferous sediments (190,225) is highly sug- 
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gestive. Ginsburg-Karagitscheva (57) has reported the presence of 
living bacteria in Tertiary formations, and the general absence of sul¬ 
fates in certain formations indicates the activity of sulfate-reducing 
bacteria (56). Such bacteria were credited by Rogers (137) with de¬ 
pleting sulfates and contributing to the conversion of parafltoic hydro¬ 
carbons into naphthenic compounds. This function has been attrib¬ 
uted to certain sulfate-reducing bacteria by Tausson and Aleshina 
(191). The possibilities of sulfate reducers modifying petroleum at 
the oil-water interface have been discussed by Baier (6), Schwartz and 
Muller (148), and ZoBell (230). Laboratory experiments have 
shown that bacteria alter the properties of cmde oil in various ways 
(20,21,83,158,192,195,235). 

Various ways in which bact^^ria may contribute to the release of 
crude oil from oil-bearing sediments have been outlined by ZoBell 
(228-230). 


C. PETROLEUM PRODUCTS 

The microbial modification of kerosene, gasoline, and other distilla¬ 
tion products of petroleum has been reported by several investigators 
(19,20,58,97,158,189,192,196,214,221,223,234). An increase in the 
hydrogen sulfide content of natural gas was attributed by Kegel (102) 
to the activities of hydrocarbon-oxidizing bacteria in the sulfate- 
containing waters of trickling gas coolers. Hasemann (73) studied 
the decomposition of illuminating gas by bacteria. 

Discoloration and the formation of gummy substances in gasoline 
and kerosene were shown by Haas (66) to result from the action of 
bacteria under certain conditions. Diesel fuels, lubricating oils, and 
paraffin oils were also attacked when stored in contact with water. 
Bacteria found by Thaysen (199) in the water bottoms of gasoline and 
kerosene storage tanks helped to account for the deterioration of these 
distillates, the formation of hydrogen sulfide, and the corrosion of 
metal tanks. Thin layers of kerosene on water containing soil bac¬ 
teria became discolored and gradually disappeared, according to Taus¬ 
son (186). 

Recent studies by Allen (2) have shown that various micro¬ 
organisms, in the water phase which is present below gasoline in stor¬ 
age, may have a pronounced deteriorating effect on the motor fuel. 
Bacterial activity may result in the formation of peroxides and gum in 
gasoline, leading to the precipitation of lead tetraethyl. Slime for- 
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mation in paraffin oil was traced to bacterial activity by Scott (150). 
Samples of paraffin oil as well as castor oil, olive oil, and linseed oil were 
found by Milne (113) to be contaminated with microorganisms 
which presumably were growing in the oils. 

Cutting and cooling oils used in machine shops are attacked by bac¬ 
teria, which sometimes create foul odors, cause objectionable alter¬ 
ation of the oils, or contribute to dermatitis of workmen (36,37,107). 
Liberthson (108) incriminated bacteria in cutting oils as being respon¬ 
sible for the breaking of emulsions, the failure of preservative and in¬ 
hibiting compotHkis, and the corrosion of metallic surfaces. 

Fleming (49), Gainey (53.), and Greig-Smith (62) showed that, due 
to its susceptibility to microbial attack, paraffin wax cannot be de¬ 
pended upon to protect objects buried in the soil. Lavers and Illman 
(106) observed that paraffin wax employed to coat packaging mate¬ 
rials supported an abundant growth of molds. The deterioration of 
paraffin wax by microorganisms has been reported by Jensen (92,94), 
Tausson (183), Tausz (195), Umbreit (205), and by many others 
(226). 

Asphalt, employed for paving streets, air strips, etc., or for water¬ 
proofing basements, may be attacked by bacteria in moist soil (169, 
226). In the presence of moisture the asphalt coating on concrete 
blocks was destroyed by soil fungi, according to Hundeshagen (81). 

X. Microbial Decomposition of Rubber Hydrocarbons 

Pure India rubber, also called caoutchouc, consists of polymerized 
olefinic hydrocarbons represented by the empirical formula (C6H8)n- 
Caoutchouc is produced by a wide variety of plants, the best yields 
being obtained from the families Apocyanceae, Euphorbiaceae, and 
Moraceae. The commercial product is obtained mostly from the 
plantation rubber tree, Hevea brasiliends. Lesser quantities of latex 
are obtained from Hevea benthamianaj Castilla ulei, C. elastica, Marti- 
hot glaziovii, Fiscus elastica, Funtumia elastica^ and other wild rubber 
trees. High percentages of caoutchouc also occur in the Haitian 
shrub, Cryptostegia gandiflora^ the guayule plant, Parthenium argenta- 
turrij certain milkweeds of the genus Asclepias, dandelions of the genus 
Taraxicurrij and scores of other plants. 

Synthetic rubbers or elastomers, including buna types, thiokols, 
neoprene, chemigum, butyl rubbers, and hundreds of others, are essen¬ 
tially polymers or copolymers of butadiene, isoprene, isobutylene. 
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styrene, acrylonitrile, and related unsaturated hydrocarbons. Manu¬ 
factured nibber articles are prepared by compounding natural or syn¬ 
thetic rubber with vulcanizing agents, accelerators, softeners, fillers, 
pigments, and other organic or inorganic agents to give certain desir¬ 
able properties of elasticity, resiliency, wearing qualities, heat resist¬ 
ance, vulcanizability, tensile strength, conductivity, inertness toward 
solvents, color, etc. Antimicrobial agents are sometimes added be¬ 
cause natural, synthetic, and compounded rubbers are susceptible to 
microbial decomposition under certain conditions (232,233). 

The microbial utilization of caoutchouc was first reported by Sohn- 
gen (159) in 1913. Sohngen and Fol (160) isolated from soil and ditch 
water several cultures, including Actinomyces alba, A. chromogenes, A. 
elastica, A. fuscus, Bacillus m^sentericus, Mycobacterium lacticola, M, 
rubrum, and Pseudomonas fluorescens, which could obtain their car¬ 
bon and energy requirements from pure rubber in mineral medium. 

The red spots which often appear on unpreserved sheets of raw or 
crepe rubber stored in moist places were shown by Arens (4) to be due 
to the growth of Serratia marcescens with other organisms. From 
damaged crepe rubber Bloomendaal (16), DeWilderman (33), and 
Eaton (38) isolated several varieties of chromogenic bacteria, which 
were held to be responsible for the ^‘spot disease^^ or perforation of 
rubber. 

The loss of weight and decreased elasticity of moist sheets of planta¬ 
tion rubber during prolonged storage were attributed by DeVries 
(31,32) to the activities of Aspergillus and Penicillium species. 
Among the many species isolated by Corbet (28) from fermenting 
hevea latex were Alcaligenes denieri, Bacillus pandora, Gaffkya verneti. 
Micrococcus chersonesia, M. eatoni, M. epimetheus, M. ridleyi, and 
Torulae heveae. Novogrudski (127) found in soil and on the leaves of 
rubber plants species of bacteria, actinomyces, and molds which de¬ 
composed rubber and decreased its viscosity. 

Kalinenko (100) noted during one month^s incubation at 28°C. the 
destruction of from 20 to 40% of the rubber in latex by Actinomyces 
aurantiacus, A. longisporus ruber, Aspergillus oryzae, Penicillium spe¬ 
cies, and several cultures of mixed microflora commonly found in soil. 

Decreases in the yield of rubber from guayule latex of as much as 
15 to 20% in six weeks at 37 °C. and deterioration in the quality of the 
remaining rubber were shown by Spence and associates (162,163) to be 
caused by soil microorganisms. Four species of Actinomyces and 
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several species of anaerobic bacteria, which attacked rubber hydro¬ 
carbons, were isolated from guayule latex (161). Allen ei al. (3) have 
investigated the decomposition of guayule resins by microorganisms. 

ZoBell and Beckwith (232) observed the oxidation of pure caout¬ 
chouc as well as several types of compounded rubber, both natural 
and synthetic, by Bacterium aliphaticurn, Pseudomonas fluorescens, 
P. neritica, Serratia marcescens. Vibrio marinofulvuSy certain strains of 
Escherichia coli^ and several cultures of mixed microflora from the sea 
or soil. Recognizing that rubber products exposed to water for pro¬ 
longed periods are'^ibject to microbial attack, Dimond and Horsfall 
(35) recommended that such pioducts be compounded with antimicro¬ 
bial agents to prevent the microbial oxidation of rubber. 

XL Assimilation of Hydrocarbons by Animals 

Although there have been many reports (134,176) that petroleum 
hydrocarbons pass unabsorbed and iin(4ianged through the intestine of 
man and other mammals, it is now known that hydrocarbons may be 
assimilated under certain conditions. It is still indeterminate, how¬ 
ever, the extent to which intestinal bacteria contribute to the diges¬ 
tion of hydrocarbons but tliere is pretty good evidence that some ani¬ 
mals have hydrocarbonociastic enzymes. The author believes that 
careful investigations will reveal that such enzymes occur in most 
classes of animals. 

A. PARAFFINIC HYDROCARBONS 

When Channon ( 22 ) included squalene, an unsaturated hydro¬ 
carbon, C 80 H 50 , in the diet of rats there was evidence of some absorp¬ 
tion. The cholesterol content of the livers of such rats increased 
about 100 % and there was also a marked increase in the content of un- 
saponifiable matter. The absorption of mineral oils by rats and pigs 
was proved by Channon and Collinson (23), who demonstrated an in¬ 
crease in the hydrocarbon content and a decrease in the iodine number 
of the livers of animals fed on a diet containing liquid paraffin. The 
recovery from the excreta and tissues of cats of much less n-hexadec- 
ane than the amount fed led Channon and Devine (24) to conclude 
that part of the hydrocarbon was converted into other unidentified 
products in the body. Similar conclusions were reached by El Mahdi 
and Channon (44) after noting that the absorption of from 50 to 100 
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mg. of n-hexadecane per day from the alimentary tract of the rat was 
accompanied by an increase in tissue lipides. 

Stryker (176) microscopically and chemically examined the mesen¬ 
teric lymph nodes, liver, spleen, and other tissues of post-mortem hu¬ 
man subjects, guinea pigs, rats, and rabbits to establish the absorp¬ 
tion of small amounts of mineral oil from the intestinal tract. The 
absorption of paraffin oil by rats was demonstrated by Frazer et al. 
(51) by histological, biochemical, and chylomicrographic methods. 

Employing material tagged with heavy hydrogen, Stetten (168) es¬ 
tablished that rats absorbed 7,8,9,10-tetradeuterio-n-hexadecane and 
oxidized it partly to fatty acids. The catabolic rate of the hydro¬ 
carbon was followed by the content of deuterium in fatty acids and 
body water. Hexadecane was believed by Stetten to be absorbed from 
the intestine without the intervention of bacteria and converted first 
into palmitic acid by oxidative attack on the terminal methyl group, 
apparently in the liver. 

Larvae of the petroleum fly, Psilopa petrolii, occur in large numbers 
living in pools of cnide oil waste near wells at Sante Fe Springs, Cali¬ 
fornia. Doubting that they could digest oil, Thorpe (202) suggested 
that the fly larvae obtained their food from the ingestion of bits of 
organic matter, bacteria, or protozoa. Amoeba proteus was reported 
by Dawson and Belkin (30) to be unable to digest mineral oil, although 
various vegetable and animal oils were assimilated. Evidence that 
there are many bacteria which can grow at the expense of hydro¬ 
carbons in crude oil has been summarized in preceding sections of this 
paper (p. 470). 


B. AROMATIC HYDROCARBONS 

As a detoxication mechanism, animals are able to oxidize a large 
variety of aromatic hydrocarbons when administered in sublethal 
doses (70,211). Rabbits were shown by Neubauer (121) to be able to 
oxidize ethylbenzene to benzoic acid and an alcohol, CeHsCHOHCHa. 
Most of the toluene orally administered to dogs was detected in their 
urine as hippuric acid by Knoop and Gehrke (104). 

Jaff6 (90) isolated muconic acid from the urine of dogs following 
their feeding with benzene. Rabbits were also found to be able to 
oxidize benzene to muconic acid and phenol. The observation was 
repeated with dogs and rabbits by Neumaerker (122) and Thierfelder 
and Klenk (201). Benzene was found by Gadaskin (52) to be oxi- 
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dized primarily to phenol, which could be detected in the blood within 
40 minutes ^after administration and a little later in the urine. 

Bernhard and Gressly (11) isolated muconic acid containing deute¬ 
rium from the urine of rabbits to which isotopic benzene, CeDe, had 
been administered. Handler and Perlzweig (70) reported the oxi¬ 
dation of p-cymene to cumic acid by sheep, the oxidation of 3,4-ben- 
zopyrene to 8-hydroxy-3,4-benzopyrene and 3,4-benzopyrene-5,8- 
quinone by mice, and the oxidation of 1,2,5,6-dibenzanthracene to a di¬ 
hydroxy compound by rats, mice, and rabbits. Several other ex¬ 
amples of the oxiS&tion of aromatic hydrocarbons by higher animals 
are given by Von Oettingen (211). lie (213) has reported the oxida¬ 
tion of benzene to polyphenols, toluene to benzoic acid, p- and m-xy- 
lene to the corresponding "loluic acids, and propylbenzene to benzoic 
acid. 

An increase in the excretion of glucuronates and ethereal sulfates by 
dogs following the administration of benzene, anthracene, or phenan- 
threne indicated to Stekol (166) that these hydrocarbons were me¬ 
tabolized. 

XII. Production of Hydrocarbons by Microorganisms 

Careful examination of their tissues reveals that most plants syn¬ 
thesize hydrocarbons (25,26,142)—very appreciable amounts by some 
plants such as the Jeffrey pine, guayule plant, and rubber tree. Bac¬ 
teria and allied microorganisms also produce hydrocarbons either as 
a part of their protoplasm or as end products of catabolism. In the 
latter category methane is the only hydrocarbon that has been 
demonstrated to be produced in large quantities. 

Since 1875, when Popoff (132) first demonstrated the formation of 
methane from the fermentation of cellulose, it has been shown that a 
large variety of organic compounds as well as molecular hydrogen may 
provide the energy necessary for the formation of methane (7,231). 
It is now known from the work of Barker (8) and Stephenson and 
Stickland (167) that methane is formed primarily from the reduction 
of carbon dioxide or other one-carbon-atom compounds: 

CO 2 + 4 H 2 -► CH 4 -h 2 H 2 O 

Conclusive proof is lacking for the microbial formation of any gase¬ 
ous hydrocarbon other than methane as a catabolic product, although 
there are some highly suggestive reports. For example, Neave and 
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Buswell (120) reported finding from 0.7 to 12.1% of ethane in the 
gases produced by bacteria during the fermentation of sewage sludge 
and distillery slop. Rudolfs and Heisig (140) found, beside methane, 
hydrogen, and carbon monoxide in the gas given off from fermenting 
sewage, also from 0.6 to 2.8% of ^illuminating gas.^^ Traces of 
ethane, propane, pentane, and butadiene were detected by Rawn et al. 
(135) along with large quantities of methane in the gas from sewage 
sludge digestion. The formation of gaseous hydrocarbons beside 
methane from the fermentation of tributyrin in the presence of base 
exchange substances was reported by Taylor (198). 

Accounts in the literature on the formation of benzene and toluene 
from the bacterial decomposition of phenylalanine, tyrosine, or other 
amino acids containing the benzene nucleus have not been confirmed 
by recent work. Intestinal microflora attacking tyrosine were found 
by Sieke (153) to form phenol. Phenol and/or p-cresol but no ben¬ 
zene or toluene was }.)iroduced by either mixed or pure cultures of soil 
and marine organisms investigated by Research Project 43 of the 
American Petroleum Institute (235). 

The conversion of cinnamic acid into styrene by Aspergillus niger 
has been reported by Herzog and Ripke (75). Fergus (48a) has 
summarized the evidence for the synthesis of ethylene by Penicillium 
digitatum and other microorganisms. 

Carotenoids and other pigmented hydrocarbons are known to be 
produced by a good many species of both aerobic and anaerobic bac¬ 
teria. The production of liquid and solid paraffinic hydrocarbons 
ranging from C 10 H 22 to C 26 H 62 by sulfate-reducing bacteria was re¬ 
ported by Jankowski and ZoBell (91). Further work has established 
that naphthenic hydrocarbons are also produced by sulfate reducers 
(235). The hydrocarbons are produced as a part of the bacterial cell 
substance, the total quantity being of the order of only 0.5% or less 
of the carbon content. 

XIII. Summary and Conclusions 

Virtually all kinds of hydrocarbons are susceptible to attack by bac¬ 
teria and allied microorganisms. This generalization is based upon 
observations on nearly one hundred pure hydrocarbons ranging in 
complexity from methane to dibenzanthracene and on several hun¬ 
dred mixtures of hydrocarbons. The latter include natural gases, lig- 
roins, gasolines, kerosenes, benzines, lubricating oils, fuel oils, paraflSn 
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waxes, tars, crude oils, asphalts, asphaltenes, synthetic and natural 
rubbers, etc. Benzene, toluene, xylene, naphthalene, and other hy¬ 
drocarbons sometimes used as preserv^atives are de(;omposed by cer¬ 
tain microorganisms. 

A good many species of bacteria, yeasts, and molds have been 
shown to produce hydrocarbonoclastic enzymes. Employed as cri¬ 
teria of hydrocarbon attack have been microbial multiplication, oxy¬ 
gen consumption, carbon dioxide production, modification of hydro¬ 
carbons, and methylene blue reduction in mineral media containing 
hydrocarbons as tKe sole source of carbon and energy. Similarly, sul¬ 
fate and nitrate reduction have been employed as criteria for the attack 
of hydrocarbons by certain anaerobic*, bacteria. 

Rapid assimilation requites the employment of special techniques 
to disperse in aqiieous media hydrocarbons having low solubilities. 
Emulsifying the hydrocarbons in aqueous media or dispersing them 
adsorbed on the surface of sand, asbestos fibers, diatomaceous earth, or 
other particulate materials has produced good results. 

Hydrocarbonoclastic microorganisms appear to be quite widely and 
abundantly distributed in soil, natural bodies of water, and in sub¬ 
merged sediments. They are especially abundant in oil-soaked soil 
around oil fields and refineries. Certain microorganisms develop the 
ability to actack hydrocarbons after being grown for several genera¬ 
tions in nutrient medium enriched with hydrocarbons, which indi¬ 
cates adaptive enzyme formation. 

The ability of microorganisms to attack hydrocarbons is highly spe¬ 
cific. In general, paraffinic hydrocarbons are attacked more readily 
and by more species than cyclic compounds. The susceptibility to 
oxidation appears to increase with chain length up to about fifteen or 
twenty carbon atoms, above which extremely low solubility makes 
hydrocarbons less vulnerable to attack. Double bonds in open-cdiain 
hydrocarbons and branching or side chains in all kinds of hydro¬ 
carbons increase oxidizability. 

Carbon dioxide and microbial cell substance are the principal prod¬ 
ucts resulting from the oxidation of hydrocarbons. Organic acids, 
aldehydes, ketones, alcohols, oxyphenols, pigmented substances, and 
modified hydrocarbons are also produced. 

Hydrocarbons can be expected to be attacked wherever crude oil or 
its distillation products are in contact with water under conditions 
favorable for microbial multiplication. When thoroughly dispersed 
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under aerobic conditions, as in soil soaked with oil, the hydrocarbons 
may be rapidly and quantitatively oxidized. The gradual disappear¬ 
ance of oil spilled on waterways or on soil around petroleum works is 
believed to be due largely to microbial activity. Hydrocarbon- 
oxidizing microorganisms may modify crude oil or prevent its accumu¬ 
lation in certain environments. The activity, presence, or products of 
bacteria which oxidize volatile hydrocarbons in soil overburdening 
subterranean deposits may serve as indicators in so-called geomicrobio- 
logical prospecting methods. The use of microorganisms in the re¬ 
covery, refinery, and conversion of hydrocarbons has almost unlimited 
possibilities in the petroleum industry. 

Films of oil spread on bodies of stagnant water or on the leaves of 
vegetation to control mosquitoes or other insects may be destroyed by 
microbial activity. The growth of bacteria in cooling and cutting oils 
in machine shops has been responsible for objectionable conditions. 
Without proper preservatives, hydrocarbon products buried in soil or 
water can be expected to have a shoit life as waterproofing or insulat¬ 
ing agents. Pharmaceutical preparations containing hydrocarbons 
emulsified in water as well as paraffin wax used to coat packaging ma¬ 
terials support the growth of microorganisms. 

Bacteria in the gut of animals may contribute to the digestion of 
hydrocarbons, although there is evidence that rats, cats, dogs, and 
other experimental animals absorb and assimilate both paraffinic and 
aromatic hydrocarbons in small amounts, independent of the action of 
microorganisms. 

Beside methane, the microbial production of which is well authenti¬ 
cated, smaller amounts of ethane, propane, pentane, butadiene, sty¬ 
rene, carotene, and other hydrocarbons have been reported to be pro¬ 
duced by microorganisms. Liquid and solid paraffinic hydrocarbons 
as well as naphthenic hydrocarbons have been demonstrated in the 
cell substance of bacteria utilizing fatty acids. 
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synthetic, 34-35 

Antigens, effect on anti thrombin, 36-37 
Antiinhibition of enzyme activity, 99, 
102-104 

Antiseptic action of hydrocarbons, 451- 
452,452-453 

Antithrombin and blood clotting, 12- 
13,19,33-38 

Antithromboplastic agent in hemophilic 
blood,12 
Arginase, 300 
reactivation, 111 

relation to structure of alkaline phos¬ 
phatase, 116-117 


Arsenate, replacement of phosphate in 
presence of phosphorylase, 127,140 
A.scorbic acid in plants, relation to thia¬ 
min, 247 

Aspartic acid in plant metabolism, 258 
Atabrine. See Mepacrine. 

ATP. See Adenosine triphosphate. 
Aureomycin, activity, 164 
structure, 164 

Autocatalysis of blood clotting, 7-13, 
25-28 

Autoxidation, in fermenting tobacco, 
345-349, 373-375, 382-386, 417 
of glutathione, 294-295 

B 

BAL. See 2 ,S-DimercaptopropanoL 
Barium ions, promotion of citric acid 
formation, 215 

Benzene, biological oxidation to poly¬ 
phenols, 469 

Benzyl mustard oil, occurrence and 
properties, 265 

Bicarbonate ion, influence on citric acid 
synthesis, 215 

Biotins, in plant metabolism, 227, 247- 
250 

relation to cysteine in plants, 269 
Blood clotting, 1-49 
Blood platelets. See Platelets. 

Bradykinin in blood, 39 
Bromelin, 300 

Buffering system of tobacco, 352-354 
Burning properties of tobacco, 356-357 
scc-Butyl mustard oil, optically active, 
264 

C 

Calcium ions, activation of alkaline 
phosphatase by, 99, 102-104, 110 
and blood clotting, 2, 10, 11, 12, 13- 
15, 20, 24, 25, 26 
binding to proteins, 14 
effect on activation of trypsinogen, 
12 

effect on tryptophanase action, 71 
in citric acid cycle, 201,215 
Carbohydrate(s). See also under indi¬ 
vidual carbohydrates, 
changes during fermentation of to¬ 
bacco, 340, 363-364, 396, 397, 401- 
406 

fermentable, inhibition of indole pro¬ 
duction by bacteria, 74r-81 
in plant metabolism, 224-225 
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Carbon dioxide, fixation on a-keto- 
glutaric acid, 208-213 
production in microbial attack on 
hydrocarbons, 447-448, 465-466 
2C-particles. See also Acetaldehyde 
and Acetic acid. 
activation, 180-182 
in citric acid cycle, 188-190 
Carboxylase, complex formation, 204- 
208 

in plants, 300 

relation to structure of alkaline phos¬ 
phatase, 116-117 

oxalosuccinic acid in citric acid cycle, 
202-208, 209-213 
reactivation, 111 

Carboxylation of a-ketoglutaric acid to 
oxalosuccinic acid, 208-213 
Carboxypeptidase, decomposite m of 
glutathione by, 295 
Carotene in toba(;co, 372 
Carotenoid pigments ^rom microbial 
action on hydroca^ bons, 470, 479 
Carriers. See also Oxygen transferring 
agents. 

in plant tissues, 374-375 
Catalase in tobacco, changes during 
processing, 414, 415, 421, 423 
Catechol oxidase in tobacco fermenta¬ 
tion, 383 

Cations, divalent, interchangeability 
for alkaline phosphatase action, 
113-114 

Cellulose, changes during fermentation 
of tobacco, 369-370, 396, 402 
oxidized, action on thrombin, 23 
Cellulosetrisulfuric acid, effect on blood 
clotting, 35 

Cephalin and blood clotting, 4 
Cerium, effect on tryptophan metabo¬ 
lism, 68 

Cheirolin (7-thiocarbimidopropy 1 meth- 
ylsulfone), occurrence and proper¬ 
ties, 264-265 

Chitindisulfuric acid, effect on blood 
clotting, 35 

Chloramine-T, action on fibrinogen, 33 
Chloramphenicol. See Chloromycetin. 
Chloroform, action in blood clotting, 
12-13 

Chloromycetin, activity, 162-163 
structure. 163 

Chlorophyll, changes during fermenta¬ 
tion of tobacco, 340 
sulfur in formation of, 224 
Choline, acetylation, 221 
Choline sulfuric acid ester in algae, 234 
Chondrosulfatase in plants, 310-311 


Chromium, effect on tryptophan metab¬ 
olism, 68 

Cigar leaf tobacco, sweat processes for, 
358-399 

Cigarette tobacco, aging, 399-409 
Citric acid, asymmetric degradation, 
196-199 

changes during fermentation of to¬ 
bacco, 340, 364-366, 396, 402 
degradation in yeast, 173-176 
equilibrium with isocitric acid and 
m-aconitic acid, 194-196 
influence of ions on formation of, 
214-216 

transformation into isocitric acid, 
193-194 

into u-ketoglutaric acid, 167-168 
Citric acid cycle, 167-222. See also 
Tricarboxylic acid cycle. 
enzymes effective in, 213-217 
mechanisms of condensation re¬ 
actions, 177-190 
scheme, 198 

Clarase, inhibition of penicillin, 253 
Clotting, blood, 1-49 
Clotting time, and thromboplastin, 4-5, 
9-10 

effect of ion concentration, 30-32 
use of silicone technique, 15-17 
Coactivation with respect to alkaline 
phosphatase, 102-104 
Coagulation of blood, 1-49 
activation, 3-28 
inhibition, 33-38 

Cobalt ions, activation of alkaline phos¬ 
phatase by, 99,110 
effect on penicillin action, 254 

on tryptophan metabolism, 68-69 
Cocarboxylase in plants, 227 
Codehydrogenase, in the carboxylation 
of a-ketoglutaric acid, 208-213 
Coenzyme A, in citric acid cycle, 190, 
221-222 

Coenzyme I. See Diphosphopyridine 
nucleotide. 

Coenzyme factors for tryptophanase, 
60-62 

Combustion, heat of, changes during 
tobacco fermentation, 337-342 
Complex formation, and inhibition of 
alkaline phosphatase, 94-97 
in enzyme action, 73-74, 96-97, 102- 
104, 111, 113-117, 201-202, 204- 
208 

Copper ions, effect on tr3rptophan 
metabolism, 68-69, 71 
in citric acid cycle, 201 
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Crotonyl mustard oil, occurrence and 
properties, 264 

Curing of tobacco, flue, 327, 353, 399- 
409, 427 

processes used, 326-327 
shed,326-327, 353, 372,426-427 
Cystathionine in plant metabolism, 
268-284 

L-Cystathionine in the synthesis of 
methionine, 274-275 
Cysteine, activator of plant enzymes, 
278 

and blood clotting, 23 
complexes withiiavy metals, 276 
inhibition of bacteriostatic action of 
penicillin by, 254 

in plant metabolism, 225, 226, 268- 
284 

reaction with glucose at !^>om tem¬ 
perature, 276-277 

Lr-Cysteinase, occurrence and action, 
307 

Cysteine desulfurase, 307 
Cysteinic acid, 282 

L-Cysteine monohydrochloride in plant 
metabolism, 281 

L-Cysteinesuccinic acid, formation, 

277 

Cysteinesulfinic acid, 282 
Cystine, in plant metabolism, 225, 268- 
284 

in plants (tables), 282-284 
Cystmase, occurrence and action, 307 
Cytochrome, methionine content, 270 
effect on tryptophanase activity, 61 
Cytochrome oxidase, effect on cysteine, 

278 


D 


Deamination of amino acids by qui- 
none-amino acid complex, 382-386, 
429 

Decalcification of plasma, by ion ex¬ 
changing resins, 15 
by metaphosphates, 15 
by p 3 rrophosphates, 15 

Decarboxvla8e(s), amino acid, pyri- 
doxaf phosphate as coenzyme for, 
62, 70 

tyrosine, 62-63,65 
reactivation, 111 

Decarboxylations, in fermenting to¬ 
bacco, 349,365—366 

Dehydroascorbic acid, complex for¬ 
mation with glutathione, 295 


Dehydrogenase, alcohol, in plants, 300 
choline, in plants, 300 
in microbial action of hydrocarbons, 
448 

isocitric, 215, 216-217 

in carboxylation of a-ketoglutaric 
acid, 208, 212-213 
pyroracemic acid, 180-181 
pyruvic, action of arsenic oxide on, 
216 

succinic, in plants, 300, 309 
selective inhibition, 174-175 
Dehydrogenation, microbial, of hydro¬ 
carbons, 469 

Dermatitis from products of microbial 
action on hydrocarbons, 474 
Desmoenzyme, in conversion of pyro¬ 
racemic acid to citric acid, 213 
Desthiobiotin in plant metabolism, 
249 

Desulfinicase in the liver of higher ani¬ 
mals, 308 

Detoxication, of aromatic hydrocar¬ 
bons, 477-478 
of nicotine, 429 

Dextran, enzymic synthesis from su¬ 
crose, 141 

Diallyl sulfide in plants, 242 
Diallyl disulfoxide, synthesis in plants, 
258 

Diastase in tobacco, 423 
Dicoumarol, and blood clotting, 24, 27 
and prothrombin concentration, 19- 
20 

Dihydrostreptomycin, activity against 
Mycobacterium tuberculosis^ 160 
2,3-Dimercaptopropanol (BAL), effect 
on blooa clotting, 23 
Dimethyl disulfide in mushrooms, 240, 
257 

Diphosphopyridine nucleotide in tryp¬ 
tophanase action, 61-62 
Disaccharides, enzyme synthesis, 123- 
143 

Dismutation between a-ketoglutaric 
and oxalic acids, 190 
Dissociation, reversible, of alkaline 
phosphatase, 108-110 
of enzyme system, 117 
Disulfide bridges in proteins, 278, 286- 
288 

Disulfides, nonnitrogenous alicyclic, 
in plant metabolism, 257-259 
Dithiols, synthetic, 300-301 
Divalent cations, interchangeability for 
alkaline phosphatase action, 113- 
114 

Djenkolic acid in plants, 243 
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£ 

Energy source for synthesis of di- and 
polysaccharides, 128-129, 141 

Enzyme complex formation, 73-74, 95- 
97, 102-104, 111 , 113-117, 201- 
202,204-208 

Enzyme inhibitors. See Inhibitors. 

Equilibrium constant for sucrose syn¬ 
thesis, 128 

Ergothioneine, occurrence in plants, 
261-262 

Erysoline ( 6 -thiocarbimidobutylmetyl- 
sulfone), oc(;urrence, 265 

Eschericia coliy mechanism of utilization 
of maltose, 124, 141 
tryptophan metabolism, 51-82 

Essential oils, changes during fermen¬ 
tation of tobacco, 370-372 

Esterases, for decomposition aro¬ 
matic hydrocarbons, 463 
vegetable, relation of pH to activity, 
84 

Ethyl alcohol, dehydrogmatiori by 
yeast, 190 

Exchange of glycoside linkages in syn¬ 
thesis of di- and polysaccharides, 
124,138-141 

F 

Factor 5 and blood clotting, 3, 9, 10, 
11,13,19, 20, 23-28 

Factor 6 and blood clotting, 24-28 

Fatty acids, degradation, 189-190 
oxidation, 186-188 

relation to citric acid cycle, 213- 
214 

Fermentation, of tobacco, aging of cig¬ 
arette tobacco, 399-409 
causative agents, 409-433 
changes during sweating, 361-399 
changes in water retention, 354- 
355 

changes of pH, 352-354 
enzymic theory, 412-415, 415-425 
gas exchange during, 342-352 
improvement of burn, 356-357 
loss of weight, 335-336, 361-363 
of tobacco leaf, 325-441 
qualitative changes, 333-335 
temperature increase, 336-342 
types of processing, 327-333 
sweat techniques, 358-361 
relation to tryptophanase activity, 
78-81 

Ferric ions. See also Ferrous ions and 
Iron. 

in citric acid cycle, 201 


Ferrous ions, activation of alkaline 
phosphatase by, 99,102-104 
Fibrin, autocatalytic formation, 8 
Fibrinogen. See also Clottingy blood. 
action of various enzymes on, 12-13, 
33 

clotting, 30-33 
properties, 29-30 
Fibrinolysin, 12, 22,32 
Ficin, 300 

Fission, enzymic, mechanism, 62-64 
Flavonols in tobacco, 347-349, 373-375 
^Fluorobenzylpenicillin, 255 
Formic dehvdrase in plants, 309 
Free radicals, and mechanism of trypto¬ 
phanase action, 62-64,69 
Fructose, use in synthesis of sucrose, 
123-132,138-141 
/3-Fructosida8e. See Invertase. 
Fumarate, effect of streptomycin on 
oxidation, 161 

Fumaric acid. See also Citric acid 
cycle. 

in plant metabolism, 258 
in yeast metabolism, 174-176 
Fungicidal action of sulfur, 238 
Furanose-pyranose, equilibrium mix¬ 
ture of D-fructose, 132 

G 

Gas exchange in microbial attack on 
hydrocarbons, 446-448, 465-466 
Germicidal action of hydrocarbons, 
451-454 

Germination-promoting properties of 
thiosinamine, 260-261 
Gliotoxin in plant metabolism, 257 
Globulin, nature of thromboplastin, 9- 
10 

Glucocheiroline, occurrence, 266 
Glucoerysoline, occurrence, 266-267 
Gluconasturtiin, occurrence, 266 
3[a - D - Glucopyranosyl ] - l - arabino- 
pyranose, synthesis by sucrose 
phosphorylase, 129-131, 136-138, 
138-141 

a - D - Glucopyranosyl - a - l - arabo- 
ketofuranoside. See D~Glucosyl’ir 
araboketoside. 

a - D - Glucopyranosyl - a - l - sorbo- 
furanosiae, synthesis by sucrose 
phosphorylase, 129-131, 132-134, 
138-141 

a - D - Glucopyranosyl - - d - xyloketo- 
furanoside, synthesis by sucrose 
phosphorylase, 129-131, 134-135, 
138-141 
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Glucose, inhibition of tryptophanase, 
69, 74^81 

reaction with cysteine, 276-277 
Glucose acceptors, in di- and polysac¬ 
charide synthesis, 138-141 
Glucose donors, for sucrose phospho- 
rylase, 138-140 

in di- and polysaccharide synthesis, 
138-141 

Glucose phosphates in citric acid cycle, 
211-212 

Glucose-l-phosphate, enzymic hydroly¬ 
sis, 89 

use in synthesis uf sucrose, 123-143 
‘^Glucose transferring agent” in di- and 
polysaccharide synthesis, 138-141 
Glucosulfatase, in plants, 311 
relation of pH to a(;tivity, 84 
Glucotropaolin, occurrence, 266 
D-Glucosyl-L-araboketoside, synthesis 
by sucrose i)hosphorylase, 129- 
131,135, 138-141 

Glutamic acid in ndation to penicillin, 
253-254 

Glutathione, 229-231 
autoxidation, 294-295 
complex formation with dehydro- 
ascorbic acid, 295 
effect on blood clotting, 23 
in conversion of disulfides to mercap- 
tans, 240 

in plant metabolism, 225, 226, 284, 
288-295 

in redox systems in plants, 289-295 
Gluten proteins, 299-300 
a-Glycerophosphatase from yeast, 87 
Glycolysis, relation to tryptophanase 
action, 78-81 

Glycoside linkage exchange in synthesis 
of di- and polysaccharides, 124, 
138-141 


H 

Halogen compounds, organic, poisonous 
effect, 277-278 

Hemicelluloses, changes during fermen¬ 
tation, 366-368,402 

Hemophilia, and factor 5,25,28 
in experimental animals, 17 
prothrombin conversion rates, 16-17 
thromboplastic activity in, 6, 7, 9, 
10-13 

Heparin and blood clotting, 5, 33-38 

Heparinase, 34 

Hexodiphosphatase from the kidney 
and liver of mammals, 87 


Histochemistry in the detection of 
alkaline phosphatase in animal 
tissues, 89 

Hyaluronic acid, monosulfuric acid 
ester, 236 

Hydrocarbons, assimilation by animals, 
476-478 

assimilation by microorganisms, 443- 
486 

ba(;terial dehydrogenation, 469 

criteria used for microbial attack on, 
445-448, 465 

derivatives, action of microorganisms 
on, 462-464 

germicidal action, 451-454 

oxidizability by microorganisms, 
454-462, 467-469 

polycyclic, microbial oxidizability, 
461-462 

production by microorganisms, 478- 
479 

by plants, 478 

products of microbial oxidation, 444- 
445, 464^470 

susceptibility to attack by micro¬ 
organisms, 456-462 
difference between paraffinic and 
cyclic compounds, 456-457 
variation with branching, 460-461 
with chain length, 449, 454-456, 
457-459 

with degree of unsaturation, 
459-460 

variety attacked, 444-445 

Hydrocarbon-oxidizing organisms, ac¬ 
tion, 454-456, 456-462 

distribution, 449-451 

Hydrogenase, relation to sulfur me¬ 
tabolism, 308-310 

Hydrogen bond in enzyme-substrate 
complex, 73-74 

Hydrogen sulfide, formation in nature, 
231-232 

from microbial action on hydrocar¬ 
bons, 448, 473 

in plant metabolism, 232-234 

Hydrolase systems, in relation to redox 
potential, 289 

p-Hydroxy-benzyl mustard oil, occur¬ 
rence and properties, 265 

Hydroxyl groups, relation to activity of 
alkaline phosphatase, 97-98 

Hydroxyphenols. See OxyphenoU. 

Hyperprothrombinemia in pregnancy, 
19 

I 

Inactivation, of acid phosphatase, 90 
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Inactivation {continued) 
of alkaline phosphatase, by destruc¬ 
tion or blocking of amino or thiol 
groups, 97-98 

by formation of complexes, 94-97 
of prothrombin, 22-23 

Indole, determination, 54 
mechanism of formation, 53-60, 62- 
64 

precursors, 52 

production from tryptophan, 61-82 
utilization by bacteria, 71-74 

j3-Indoleacetic acid in plants, 247 

Indophenol oxidase in tobacco leaves, 
421 

Induction period in citric acid cycle, 
178-179 

Inhibition, of alkaline phosphatase, 91- 
98 

of citric acid, 215-216 
of coagulation of blood, 33-38 
of enzymes, and reactivation, 102- 
104 

by complex formation, 95-97 
of fumarate oxidation by streptomy¬ 
cin, 161 

of oxidation by nicotine, 388 
of penicillin. 253, 254 
of succinic dehydrogenase, 174-175 
of tryptophanase, 69, 70-71, 74-81 

Inhibitors, enzyme, and resonance 
structures, 72-74 
in hydrocarbons, 471 
of acid phosphatase, 90 
of aconitase, 192 

of indole formation, 53-54, 58-60, 
69-71,71-74, 74-81 

Intestinal bacteria, action on hydro¬ 
carbons, 476, 479 

Invertase, and sucrose synthesis, 126- 
127 

in Pseudomonas saccharophila, 125 
See also Sucrose 

Ion-exchange resins in blood-clotting 
study, 15, 20 

Iron. See also Ferric ions, and Ferrous 
ions. 

in tryptophanase, 61 

Iron salts, effect on tryptophan me¬ 
tabolism, 68, 71 

Irradiation, effect on blood coagulabil- 

37 

Isobutylpropenyl disulfide, isolation, 
259 

Isocitric acid. See also Citric acid 
cycle. 

equilibrium with cfs-aconitic and cit¬ 
ric acids, 194-196 


Isocitric acid (continued) 
formation from citric acid, 193-194 
in tissues, 169 

relation to oxalosuccinic acid metabo¬ 
lism, 206 

stereoisomeric forms, 192-193 

J 

Jaundice, obstructive, antithrombin in, 
36 

K 

a-Keto acids in fermenting tobacco, 
349, 383-386 

/3-Keto acids in citric acid cycle, 182-6 
a-Ketoglutfric acid. See also Citric 
acid cycle. 

carboxylation to oxalosuccinic acid, 
208-213 

from citric acid, 167-168 
in dismutation, 190 

Ketones from microbial oxidation of 
hydrocarbons, 467 
ICynurenine from tryptophan, 56 

L 

Labile factor. See Factor 5. 

Lactic acid in relation to growth of 
lower plants, 225 
Lecithin, and blood clotting, 27 
in snake venoms, 19-20 
Leuconostoc mesenleroides^ source of su¬ 
crose phosphorylase, 123, 141 
Leucylpeptidases, reactivation of, 111 
Leukemia, antithrombin in, 37 
Levan, enzymic synthesis, 141 
Lignin, changes during fermentation of 
tobacco, 369-370, 396,402 
Lipase, pancreatic, activation by amino 
acids, 100 

relation of pH to activity, 84 

M 

Magnesium ions, effect on alkaline 
phosphatase, 89-93, 98-100, 102- 
104, 106-107,110-111, 113 
in citric acid cycle, 189, 201, 208, 
215 

Malic acid, changes during fermenta¬ 
tion of tobacco, 340, 364-366, 396, 
402 

Malonate, inhibition of degradation of 
acetic acid in yeast, 174-176 
inhibition of tissue respiration, 168 
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Maltol rearrangement of streptomycin, 

156- 157 

Maltose, enzymic synthesis, 141 
mechanism of utilization by Escheri¬ 
chia colif 124 

Manganese ions, complex formation, 
201-202, 204^208 

activation of alkaline phosphatase 
by, 99-100,102-104,110-111 
effect on tryptophan metabolism, 68 
in carboxylation of a-ketoglutaric 
acid, 208-209,213 
Mannosidostreptomycin, structure, 
161-162 

Melanoids formaiL'in aging of tobacco, 
408 

Melibiase, action on raffinose, 125 
Mepacrine, effect on tryptophan metab¬ 
olism, 59-60, 64, 69 
Mercaptans in plant metabolism, 257 
Mercuric ions, effect on alkaline phos- 
phat^e, 99 

Mercury ions, effect on tryptophanase 
action, 71 

Metal complexes, chelated, and trypto¬ 
phan metabolism, 64 
Metal-enzyme complex, 102-104, 111, 
113-117,204-208 

Metal ions. See also under individual 
ions. 

and enzyme-inhibitor complex, 96-97 
catalysis of indole production, 68-69 
effect on autoxidation of glutathione, 
294-295 

inhibition of tryptophanase action, 
70-71 

Metaphosphatase, pH optimum, 84 
Metathrombin, 38 
Methane. See also Hydrocarbons, 
attack by microorganisms, 444-445, 
446-447,449,454-455, 458 
production by microorganisms, 478- 
479 

Methionine, and bacterial growth, 274 
content of plant proteins (table), 271 
in plant metabolism, 268-284 
synthesis in living plant cells, 271- 
274 

Methionol. See y-[Methylmercapio]- 
propyl alcohol. 

Methylation of inorganic sulfur in 
plants, 240 

Methylene blue reduction in microbial 
attack on hydrocarbons, 447, 469 
iV-Methyl-Lrglucosamine, 147-149, 

157- 158,160,162 

Methyl mercaptan, formation in mush¬ 
rooms, 240-241 


7 - [Methylmercapto ]-propyl alcohol, 
242 

jS-Methylthiopropionic acid, methyl 
ester, in plants, 242-243 
Microorganisms, action of hydrocar¬ 
bons on, 451-454 
action on hydrocarbons, 443-486 
criteria used in determining activ¬ 
ity, 445^48 

factors favoring, 448-449, 470 
oxidation, 454-^62 
products, 464-470 
variety attacking hydrocarbons, 
445,449-451 

action on hydrocarbon derivatives, 
462^64 

decomposition of rubber hydrocar¬ 
bons, 474-476 

modification of petroleum and its 
products, 470-474 

Mustard oil glucosides, formation, 265- 
266 

Mustard oils in plant, 262-268 
Myrosulfatase in plants, 310 

N 

a-Nfmhthoquinone sulfonate, action on 
nbrinogen^ 33 
Neomycin, activity, 164 
Neurospora crassay tryptophan metab¬ 
olism, 58-60, 62 

Nickel, Raney, effect on tryptophan 
metabolism, 68 

Nickel ions, activation of alkaline phos¬ 
phatase by, 99,110 
Nicotine. See also Alkaloids. 
changes during fermentation of to¬ 
bacco, 340,386-394,403 
degradation in processing of tobacco, 
429-433 

detoxication in the animal body, 429 
effect of catalase on disappearance 
from tobacco, 414 

Nicotinic acid, antagonism to benza- 
mide, 69 

in tryptophanase, 61-62 
relation to thiamine in plants, 246, 
247 

Nicotyrine, oxidation by liver, 430 
Ninhydrin, action on fibrinogen, 5, 33 
Nitrates. See also Nitrogen com¬ 
pounds. 

changes during fermentation of to¬ 
bacco, 394-395,402 
in plant metabolism, 224-225 
reduction in microbial attack on hy¬ 
drocarbons, 448 
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Nitrogen, elementary, evolution in 
aging of cigarette tobacco, 407-408 
Nitrogen balance during fermentation 
of tobacco, 340, 350, 377-380, 381- 
382, 386,393-394 

Nitrogen compounds in tobacco, 
changes during fermentation, 376- 
398,402-403,406-409 
Nitrogen mustard, effect on blood co¬ 
agulability, 37 

Nomicotine, changes during fermenta¬ 
tion of tobacco, 389-391 
5-Nucleotidase, activity, 87 

O 

Obstructive jaundice, antithrombiii in, 
36 

Ochoa reaction, 199-213 
Octylamine, precipitation of h#:parin, 
38 

Oil, crude, extent of change by micro¬ 
bial action, 472-173 
rate of oxidation by microorgan¬ 
isms, 471-472 

release from oil-bearing sediments, 
473 

Organic acids. See also under indi¬ 
vidual acids. 

changes during fermentation of to¬ 
bacco, 340, 364-366, 396, 402, 403 
from microbial oxidation of hydro¬ 
carbons, 444, 466-467 
Oxalacetate-pyruvate condensation, 
effect of streptomycin on, 161 
Oxalacetic acid. See also Citric acid 
cycle. 

in citric acid cycle, 221-222 
transformation into citric acid by 
muscles, 180-182 

Oxalic acid, changes during fermenta¬ 
tion of tobacco, 366,396, 402 
in dismutation^ 190 

Oxalosuccinic acid, influence of metals 
on decarboxylation, 201-202 
from a-ketoglutaric acid, 208-213 
manganese complexes, relation to 
carboxylase, 201-202,204-208 
Ochoa reaction, 199-^213 
quantitative determination, 202 
relation to citric acid cycle, 169 
synthesis and properties, 199-208 
Oxidase, n-amino acid, in plants, 300 
P3nx)racemic acid, in plants, 300 
Oxidation-reduction systems of sulfur 
compounds in plants. 223-224 
Oxidizability of hydrocarDons by micro¬ 
organisms, 454r462,467 


Oxygen consumption as criterion of 
microbial attack on hydrocarbons, 
446-447 

Oxygen-transferring agents in tobacco 
leaves, 346-349, 373-375, 382-386 
Oxygen uptake of fermenting tobacco, 
344-349 

Oxyphenols from microbial oxidation of 
hydrocarbons, 467-469 

P 

Pantothenic acid in citric acid cycle, 
221-222 

Papain, 300-303 
action in blood clotting, 12 
and sulfhydryl groups, 227 
Pectins, changes during fermentation of 
tobacco, 340,366-368,396,402 
L-Penicillamine, penicillin from, 254 
Penicillase, destruction of penicillin by, 
253 

Penicillin(s), in plants, 227,250-256 
mechanism of synthesis in vivOf 255^ 
256 

relation to cysteine in plants, 254,269 
types, 250-251 

Pentosans, changes during fermenta¬ 
tion of tobacco, 340. 368-369, 402 
Peptidase, in tobacco, cnanges during 
processing, 414 

relation to structure of alkaline phos¬ 
phatase, 116-117 
role of metal ions, 104 
Peptides, linkages to form proteins, 
286-288 

Pepsin, action on fibrinogen, 32 
Peroxidase in tobacco, changes during 
processing, 414, 415, 421 
Petroleum. See also Hydrocarbons. 
action of microorganisms on, 444- 
445, 447,449 

geomicrobiological prospecting for, 
449, 455 

microbial modification, 470-474 
products, action of microorganisms 
on,473-474 

Phalloidin, in plants, 285, 295-296 
Phenols. See also Polyphenols. 
changes during fermentation of to¬ 
bacco, 340,373-375,417 
Phenolsulfatase in plants, 311 
Phenoloxidase in tobacco, changes dur¬ 
ing processii^, 414 

Phenylalanine, effect on indole produc¬ 
tion by Escherichia coli^ 77-81 
iS-Phenylethyl mustard oil, occurrence, 
265 
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Phosphatase, acid, 85-86, 300 
inactivation, 90 
alkaline, 83-122 

activation, by amino acids, 101, 
106-107 

by divalent cations, 98-100, 
102-104, 110-111 
by Mg++, 89-93 
constitution, 107-117 
effect of substrates on activity, 88- 
89 

factors affecting activity, 94-107 
physiological and pathological 
chemistry, 83 
preparation, 8P^3 
properties, 89-93 
specificity, 86-89, 104-105 
structure, 112-117 
variations due to origin, 104-105 
comparison of acid and alkaline, 85- 
86 

in Pseudomonas saccharophila, 125 
isodynamics, 84-85 
mechanism of catalysis by, 113-117 
multiple pH optima, 84-85 
Phosphate, in citric acid cycle, 189-190, 
211-212,214 

Phosphate bonds, energy rich, use in 
glycosidic bond formation, 128 
Phosphate esters, synthesis, by alkaline 
phosphatase, 105-107 
Phosphodiesterase, pH optimum, 84 
Phosphoglucomutase, in PseudomoncLS 
putrefacienSf 123-124 
in utilization of maltose, 124 
Phosphohexoisomerase, in Pseudo¬ 
monas putrefacienSj 123-124 
in utilization of maltose, 124 
Phosphomonoesterase. See also Alka¬ 
line phosphatase, 
alkaline, specificity, 86-89 
classification, 86-88 
Phosphorolysis in synthesis of sucrose, 
126-129 

Phosphorylase, starch, effect of arse¬ 
nate on,127 

sucrose, as ‘‘transglucosidase,’^ 138- 
141 

use in synthesis of disaccharides, 
123-143 

Phosphorylation. See Transphosphor- 
ylation^ A TP, 

Photosynthesis, relation to Ochoa re¬ 
action, 212-213 

Phytochemistry of sulfur, 223-323 
Phytoproteases, 300 
Phytases, specificity, 87 


Pigments. See also under individual 
pigments. 

changes during fermentation of to¬ 
bacco, 372-373 

from microbial action on hydrocar¬ 
bons, 469-470, 479 
Plants, sulfur metabolism, 223-323 
Plasma, cofactor, 37-38 
decalcification by ion-exchange res¬ 
ins, 15 

by phosphates, 15 
proteins, binding to Ca"’"^, 14 
thromboplastin and autocatalysis, 7- 
13 

thromboplastinogen in, 7-13, 16-17, 
27-28 


Plasmakinin, identity, 10 
Plasmin and blood clotting, 12, 22, 32 
Platelets, blood, and thromboplastino¬ 
gen, 9-12 

protection by silicone film, 16-17 
role in clotting, 16-17 
Platelet enzyme, 11-12 
Polarity of molecule and inhibitor ac¬ 
tivity, 72-74 

Polypeptides, sulfur-containing, 288- 


297 


Polyphenols, activity during fermenta¬ 
tion of tobaco, 346-349, 373-375, 
381,396, 417 

condensation with amino acids, 381, 
382-386,408,429 

from biological oxidation of benzene, 
469 

Polyphenol oxidase, in plant respira¬ 
tion, 374-375, 417 
Polyphosphatases, specificity, 86 
Polysaccharide sulfuric acid esters, 23-4 
235 

Polysaccharide synthesis, comparison 
with sucrose synthesis, 140-141 

ener^ source, 128-129,141 
Polythionic acids in plant metabolism, 
229-232 

Potassium ions, concentration changes 
in trj^tophanase activity, 78 
Preservatives, hydrocarbon, attack by 
microorganisms, 451-452, 452-453, 
453-454,471 

Proaccelerin and blood clotting, 28 
Profibrin, 29-30, 31 
Pro-prothrombinase, 28 
Proserozyme, 13, 27-28 
Protamine, effect on blood coagulabil¬ 
ity, 37 

precipitation of fibrinogen, 35 
Protamine-heparin compound, 34 
Proteases, thromboplastic activity, 12 
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Protein-Ca**"^ binding, 14 
Proteins, disulfide bndges in, 278, 28b- 
288 

Prothrombin. See also Thrombin. 
activation by various enzymes, 12- 
13, 21-22 

conversion to thrombin, 16-17, 21 
role of Ca++ 14-15 
determination, 17-20 
in hemophilic plasma, 10-11 
nature, 3, 23-28 
preparation, 20-23 
Prothrombin-A. See Factor 5. 
Prothrombin-B, 24 
Prothrombin time, and Schtitz law, 5 
relation to prothrombin concentra¬ 
tion, 17-20 
Prothrombinase, 28 
Prothrombinogenase, 28 
Prothrombokinase. See Thrombi olas- 
tinogen. 

Prothrombokinin. See Thromboplas- 
tinogen. 

Pseudomonas putrefadeas^ source of su¬ 
crose phosphorylase, 123-124 
Pseudomonas saccharophila, source of 
sucrose phosphorylase, 123-143 
Pyranose-furanose, equilibrium mixture 
of D-fructose, 132 

Pyridoxal phosphate in tryptophan 
metabolism, 59, 61-62, 62-64, 65, 
70 

Pyridoxal-pyridoxamine conversion, 
function, 62-63 

Pyridoxine, in plants, with relation to 
thiamine, 246, 247 

Pyrophosphatase(s), alkaline, role of 
metal ions, 104 
specificity, 86 

Pyroracemlc acid, in plants, 300 
relation to fatty acid metabolism, 
186 

Pyruvate-oxalacetate condensation, 
effect of streptomycin on, 161 
Pyruvic acid. See also Citric acid cycle. 
degradation in animal tissues, 180- 
182 

in tryptophan metabolism, 61-62, 
63-64,68 


Q 


Quercetin. See also Polyphenols. 

in tobacco leaves, 347-349, 373-375 
Quinones, condensation with amino 
acids, 381, 382-386, 429 


R 

Raffinose, in formation of fructose 
polymer, 141 

metabolism in Pseudomonas sac^ 
charophila, 124-125 
Raney nickel, effect on tryptophan 
metabolism, 68 

Raphanin, occurrence, properties, 267 
Reactivation, of alkaline phosphatase, 
110-111,116-117 

of enzymes, 102-104, 110-111, 116- 
117 

Redoxas6(s), definition, 306 
sulfur specific, 306-310 
Redox potentials, and sulfur metabo¬ 
lism in plants, 228-229, 289-295 
of the cysteine-cystine system, 281- 
282 

Resins, changes during fermentation of 
tobacco, 370-372, 396, 402 
Resonance stabilization, and mecha¬ 
nism of tryptophanase action, 62- 
64, 72-74 

Respiration, in plants, effect of sulfur 
deficiency, 225 

tissue, effect of streptomycin on, 161 
Respiratory quotientCs), in microbial 
action on hydrocarbons, 446-447, 
465-466 

of tobacco during fermentation, 342- 
349 

Rhodanide, inhibition of certain bac¬ 
teria, 231 

Riboflavin, antagonism to mepacrine, 
69 

in tryptophanase, 60-62 
Ribonuclease, effect of penicillin on ac¬ 
tivity, 254 

Roots, toxic effect of thiosulfate on, 231 
Rubber. See also Hydrocarbons. 

action of microorganisms on, 444- 
445, 447, 470, 474-476 
Rutin. See also Polyphenols. 
in tobacco leaves, 347-349, 373-376 


S 

Saccharase, reactivation, 103. See also 
InvertasCf Saccharase. 

Sakaguchi reaction, inhibition, 288 
Salt effect and clotting of blood, 30-32 
''Schtitz law^^ and clotting time of 
blood, 4-5 

Serine, effect on indole production from 
tryptophan, 58-60,62,77 
in tryptophan synthesis, 71-74 



522 


SUBJECT INDEX 


Serine {continued) 

relation to sulfur metabolism, 280- 
281 

Serozyme, 13. See also Prothrombin, 
Sewage, relation to microbial metabo¬ 
lism of hydrocarbons, 449, 451,463, 
465-466 

Silicones, use in study of blood clotting, 
15-17 

Sinai bin. occurrence, 266 
Single electron transfers and degrada¬ 
tion of tryptophan, 62-64, 69 
Sinigrin, occurrence, 260 
SmoTcing properli|fi, effect of fermenta¬ 
tion, 433-434^ 

Snake venom, action in blood clotting, 
12,27 

thromboplastin in, 6,19-20 
Species-specificity, of fibrin«gen, 31 
of thromboplastin action, 6 
Specificity, of action of hydrocarbons 
on microorganisms, 452-453 
of alkaline phosphatase, 86-89, 104- 
105 

of microbial attack on hydrocarbons, 
454-456 

of sucrose phosphorylase, 129-131 
Staphylocoagulase, action on fibrino¬ 
gen, 33,35 

Streptamine, from streptomycin, 149- 
150 

synthesis, 158-160 

Streptidme, 147-149, 149-150, 151, 160 
linkage to streptobiosamine in strep¬ 
tomycin, 15^156 
synthesis, 158-160 

Streptobiosamine, 148-149, 151, 154- 
155,160,161-162 

linkage to streptidine in streptomy¬ 
cin, 155-156 

Streptomyces antibiotics, 145-166 
Streptomycin, 145-166 
colorimetric determination, 157 
evidence of linkage, 155-156 
hydrolysis products, 149-155 
relation of structure to antibiotic ac¬ 
tivity, 160-161 
site of action, 161 
structure, 147-149 
Streptose, 147-149,152-154 
Streptothricin, 146 

Strepturea from streptomycin, 149-150 
Strontium ions, promotion of citric acid 
formation, 215 

Substrat.(i-enzyme combination, mech¬ 
anism, 72-74 

Succinic acid. See also Citric acid 
cycle. 


Succinic acid (continued) 
degradation in yeast, 173-176 
Sucrose. See also InvertaaCy Saccharase. 
in tobacco, changes during 
processing, 414, 423 
Sucrose, synthesis, 123-132,138-141 
energy for, 128-129 
mechanism, 126-129 
synthetic, structure, 131-132 
Sucrose phosphorylase. See Phos¬ 
phorylase. 

Sugars, reaction with amino acids in 
aging of tobacco, 408 
Sulfanilamide, acetylation, 221-222 
Sulfatases in plants, 310-311 
Sulfates in plant metabolism, 223-224, 
225,229-232,308 

reduction in microbial attack on hy¬ 
drocarbons, 448, 449, 470, 479 
Sulfhydryl groups, and blood clotting, 
33 

in plant metabolism, 268-284 
in protein synthesis, 286-288 
relation to activity of alkaline phos¬ 
phatase, 97-98, 101 

Sulfides in amino acid and peptide com¬ 
plexes, 232 

Sulfite formation in the intermediate 
metabolism of sulfur in plants, -287 
Sulfonatability of oils, relation to tox¬ 
icity, 454 

Sulfonic acids in plant metabolism, 236 
Sulfoxides, nonnitrogenous alicyclic, in 
plant metabolism, 257-259 
Sulfoxycysteine, 282 
Sulfur, compounds in higher plants, 227 
deficiency, effect on living cell, 224, 
225 

elementary, and plant metabolism, 
229-232 

fungicidal action, 238 
in the formation of chlorophyll in 
plants, 224 

metabolism in green plants, effect of 
pH on influence of redox poten¬ 
tial, 228-229 

of plants, enzymes involved, 306- 
311 

of proteins, effect of microorganisms, 
230 

phytochemical cycle, 228 
ph 3 rtochemistry, 223-323 
SuJfurase, occurrence, 307-308 
Sulfur bacteria, 232-234 
oxidation of thiosulfate. 231 
Sulfuric acid esters, in plant metabo¬ 
lism, 234-236 
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Sulfuric acid esters (continued) 
in the organs of higher plants, 226- 
227 

Sulfurous acid in plant metabolism, 
236-238 

Sweat. See also Fermentation of to- 
bacco. 

of cigar leaf tobaccos, 358-361, 361- 
399 

Sweat processes for tobacco, 327-333 
microbial activity, 409-412, 415-425 

Synergism among factors affecting alka¬ 
line phosphatase, 102-104 

Synthesis, of disaccharides with bac¬ 
terial enzymes, 123-143 
of polysaccharides by enzymes, 140- 
141 


T 


Takadiastase, inhibition of penicillin, 
253 

in plants, 311 

Tannins in tobacco, 347-349, 373-375 
Terthienyl in plants, 256-257 
Tetranitromethane (TNM), effect on 
blood clotting, 23 

Tetrathionate, oxidation of thiols by, 
230-231 

Thermogenesis as measure of fermenta¬ 
tive activities in tobacco, 415-416 
Thetins, in plants, 241 
Thiamine in plants, 227,243-247 
relation to cysteine in plants, 269 
Thioaldehydes, synthesis in plants, 
259-260 

Thioethers, aliphatic, formation in 
plant cells, 239-240 
in the formation of sulfoxides and sul- 
fones, 239 

role in metabolism of plants, 238-257 
Thioglucosidase in plants, 310 
Thioglycolic acid, effect on growth of 
pneumococcus, 225 
Thioenzymes of plant origin, 3(^306 
Thiol groups, relation to activity of al¬ 
kaline phosphatase, 97-98,101 
Thiols, oxidation in plant metabolism, 
226 

Thiosinamine, germination promoting 

S rties, 260-261 

e, effect on higher plants, 231 
Thiourea in plants, 260-262 
Threonine, effect of streptomycin on 
oxidatiom 161 

Thrombin. See also Prothrombin, 
action on blood platelets, 11-12 


Thrombin (^continued) 
autocataijrtic formation, 8 
coinhibitor, 35-36 
from clotting globulin, 10 
mechanism of formation, 25 
preparation, 20-23 
reaction with fibrinogen, 32 
reactions in formation, 17 
standardization with ninhydrin, 5 
Thrombinogenase, 28 
Thrombokinase. See Thromboplastin. 
Thromboplastin, 2, 3-7, 7-13, 16-17, 
19-20 

Thromboplastinogen. See also Throm- 
boplastin. 

Thromboplastinogen, 2, 7-13,16-17 
relation to factor 5^ 27-28 
Thrombosis, antithrombin in, 37 
Thrombozyme in blood, 13 
Tin, effect on tryptophan metabolism, 
68 

TNM. See Tetranitromethane. 

Tobacco leaf, chemical changes during 
fermentation and aging, 325-441 
Toluidine blue, effect on blood coagu¬ 
lability, 37 

Toxicity, of hydrocarbons, 451-452, 
452-453, 453-454 

of organic halogen compounds, 277- 
278 

Transaminase, and pyridoxal phos¬ 
phate, 62, 70 

glutamic-aspartic, and pyridoxamine 
phosphate, 63, 65 
in plants, 300 

Transglucosidase, action of sucrose 
phosphorylase, 140-141 
^Transglycosidases’^ in synthesis of di- 
and polysaccharides, 138-141 
Transphosphorylation systems in citric 
acid cycle, 189-190 

Tricarboxylic acid. See under indi¬ 
vidual acids. 

Tricarboxylic acid cycle. See also 
Citric acid cycle. 

relation to tobacco curing, 326-327 
Trypsin, clotting of plasma by, 12, 21- 
22 

Tryptase, plasma, 13 
Tryptophan, biosynthesis, 71-74 
m fibrin, 30 
metabolism, 51-82 

Tryptophanase, nature of the enzyme, 
60-62 

preparation, 65 
properties, 65-68 

Tryptophanase-tryptophan reaction, 
51-82 
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Tyrosinase, mushroom, action on cate¬ 
chols, 3S3 

Tyrosine, effect on indole production by 
Escherichia coliy 77-81 

U 

Ultraviolet light, sensitivity of proteins 
to, 288 

Ureas, peroxidase-inhibiting and anti¬ 
thyroid action, 261 

Urease, 227, 300, 303-306 
activation by amino acids, 100 

Uscharin in plai^Jj^etabolism, 256 

V 

Verdoperoxidase, relation to cyto¬ 
chrome, 61 

Vinyl sulfide in plants, 242 

Virus proteins in plants, 297-299 

Viscotoxin in plants, 285, 296-297 

Vitamin(s). See under specific name 
{e.g.j Thiamine). 

Vitamin K and blood clotting, 3, 20, 24, 
27 

VPO. See Verdoperoxidase. 


W 

Warburg-Christian enzynie-coenzyme 
system in plants, 309 

Water retention in tobacco during fer¬ 
mentation, 354-355 

Waxes, changes during fermentation of 
tobacco, 370-372, 396 

X 

Xanthophyll in tobacco, 372 

Y 

Yeasts, action on nicotine, 432 

citric acid cycle in, 169-177, 178- 
180 189—190 

sulfur metabolism, 227, 230, 238, 
308-309 

thromboplastin in, 6 

Z 

Zinc ions, effect on alkaline phospha¬ 
tase, 96, 99, 102-104, 106-107, 110 
in citric acid cycle, 201 

Zymohexase, in plants, 300 
role of metal ions, 104 
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